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LETTER FROM THE CHAIRMENI

The 12th International Conference on High-Power Particle Beams (BEAMS'98) took place in Haifa, Israel, during
June 7-12, 1998. The Conference sessions were held at the new Haifa International Exhibition & Convention
Center in the traditional BEAMS format, with oral (invited and contributed) presentations - without parallel
sessions, and daily poster presentations. The Conference covered all topics relevant to the physics and technology
of intense beams of charged particles and included sessions devoted to pulsed power and accelerator technology,
ion beams and diodes, ICF, electron beams generation and propagation, radiation sources, HPM, beam-matter
interaction and industrial applications, diagnostics and experimental methods, models and simulations, x-ray
sources, z-pinches and explosive generators. Special emphasis was given to newly emerging fields and industrial
applications. Approximately 400 papers were presented (347 posters and 56 oral presentations), by 273
participants from 19 countries, (BEAMS'98 statistics are presented in Vol. 2 of these proceedings). Unfortunately,
only 240 papers were submitted for inclusion in the Proceedings, in spite of numerous extensions of the deadline
and several appeals to the authors.

At the opening ceremony, participants were welcomed by the Conference Chairmen as well as by
Prof. Jacob Ziv, President of the Israel National Academy of Science and the Humanities. Social events included
a get together reception on Sunday evening, on Tuesday evening a guided tour of the ancient city of Ceasaria
on the Mediterranean sea followed by an unforgettable Roman feast, the setting being identical to that of feasts
attended by the Roman Emperor 2000 years ago. An impressive farewell banquet was enjoyed by all on the last
evening with a performance by a talented violinist and an opera singer. During the Banquet a lecture was given
by Prof. Yakir Aharonov from Tel Aviv University on "What can we learn from modern physics about ourselves".

A new tradition (if one does not count the included lunches) was launched at BEAMS'98 with Gerold Yonas and
Amnon Fisher receiving awards at an official BEAMS Prize ceremony. In addition to the rewarding scientific
meeting and social events, the participants enjoyed pleasant sunny weather in Haifa and other parts of Israel,
during the 50th anniversary of the State of Israel. Some participants also attended the Conference on High-
Power Electromagnetics (EUROEM'98), held in Tel Aviv in the week following BEAMS'98.

We wish to thank all participants and those who contributed to the success of this Conference. In particular,
we acknowledge the assistance of the following:
Session chairpersons R.Arad, A. E.Blaugrund, H.Bluhm, A. Deutsch, A.Nr.Didenko, V. E. Fortov, H .T.Hawkins,
K.Jungwirth, Ya.E.Krasik, B.R.Kusse, B.Levush, G.A.Mesyats, I.Navon, N.R.Pereira, J.P.Quintenz, D.J.Rej,

C.H.Stallings, R.White, K.Yatsui and G.Yonas;
Concluding panel discussion moderator D.Cook and panel members H.Bluhm, G.Cooperstein, A.Gover, Y.Maron,

G.A.Mesyats, J.P.Quintenz, and D.J.Rej.
We are indebted to staff members of KENES Organizers of Congress and Tour Operators Ltd. Special thanks
are due to Benny Mandelbaum and Yakov Krasik and last but not least to our wives Hanna and Zvia.
See you all at BEAMS'2000 in Nagaoka.

Joseph ShiloheiMakit
Conference Chairman Conference Co-Chairman
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1998 BEAMS PRIZES AWARD

A new tradition was launched at BEAMS'98 in Haifa, the award of the BEAMS Prizes. The Prizes were awarded
at the farewell banquet by Roger White, Chairman of the BEAMS'98 Prize Committee, Joseph Shiloh, Chairman
of BEAMS'98 Conference, and Meir Markovits, Co-Chairman of BEAMS'98 Conference.

The 1998 BEAMS Prizes were awarded to:

Amnon Fisher for
Major scientific and technological contributions to the field of High-Power Particle Beams and Z-Pinch,

And to:

Gerold Yonas for
Starting the BEAMS Conferences in 1975 and making original contributions as well as helping to create
the field of Beams and sustaining it over the years.

Following the citations by the prize committee chairman, the prize winners had a few words in response:

Amnon's response: ...Listening to the citation I am like a bride coming from the beauty parlor, hardly recognizable.
Let me say a few words about the two most important aspects of the way I work: First, I thrive on cooperation.
I may be good but not that good. I need the interaction with other people, their ideas, questions and criticism.
In all the places I have worked in my life, RAFAEL, Cornell University, UC Irvine and NRL, I have had very good
times and some hard times. I owe my success to the people in those places with whom I interacted with and
they deserve as much credit as I am getting here tonight. Second, I learned to fail. I can probably count all my
good ideas on one hand. Many hands are needed to count all the ideas that went to nowhere. Failing is difficult,
sometimes a week, a month, or a year is lost and it is a painful experience. However doing science is like training
for a marathon. One cannot learn to run in an armchair. The blisters, the muscle pain, the shortness of breath
are all needed before one can cross the finish line. I had many failures, however the few successes were worth
all the agony and pain.

Gerry's response: ... I am honored and delighted to be recognized for the BEAMS award by my colleagues
primarily of their acceptance of my jokes and the tolerance for my longevity. I want to express my gratitude to
all of you with whom I have worked over the years for all the opportunities to learn together and share the
excitement of discovery that comes with working in this field. One important individual has been a friend, a
mentor, and a teacher, and that person is Charlie Martin. I want to wish him good health and continued participation
with all of us as we go forward Lastly and most important, I want to acknowledge the support and encouragement
I have had from my wife and family who have always been there for me.
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COMPARISON OF POS-LOAD DYNAMICS
USING DIFFERENT PLASMA SOURCES ON HAWK

B. V. Weber, D. C. Black,* B. Moosman,* S. J. Stephanakis, D. D. Hinshelwood,
R. J. Commisso, S. B. Swanekamp,** J. W. Schumer,* P. F. Ottinger

Plasma Physics Division, Naval Research Laboratory
Washington, DC, 20375 USA

J. J. Moschella and C. Vidoli
HY-Tech Research Corp. Radford, VA 24141 USA

Abstract: Hydrogen Plasma Opening Switch (POS) experiments on Hawk show
potential for increasing bremsstrahlung radiation on DECADE. Interferometry
indicates that the density of POS plasma is greatly reduced over a large fraction of the
interelectrode region (> 1 cm out of 2.2 cm) at the time of opening. This low-density
region is much larger for the hydrogen POS than for flashover-source POSs used
previously on Hawk (and DECADE), and may result in a significantly larger effective
vacuum gap, improving the efficiency of energy coupling to loads. Species separation
may be responsible for the difference in plasma dynamics between single- and multi-
species POSs.

INTRODUCTION

The POS is a critical component of the multi-module DECADE generator.' At present,
maximum bremsstrahlung is produced on DECADE Module 1 (DM1) when the POS
conduction time is 265 ns and the conduction current is 1.4 MA.2 In principle, it is possible to
double the load current (from the present 0.8 MA average value to 1.6 MA) by improving
POS operation.3 Attempts to increase the POS conduction time to about 300 ns thus far
resulted in reduced voltage and radiation.4

POS experiments on the Hawk generator at NRL are a cost-effective way to explore
alternative POS techniques for DECADE, even though the Hawk current, I, is about 1/3, and
the rise time, t, is about 3 times the DM1 values. Both generators operate in the "MHD-
dominated" conduction regime,5 where l't 2 oc nr2 l2 M 4/Z. Here, M, /Z is the ion mass to
charge ratio, n is the electron density, r is the radius where opening occurs and I is the plasma
length. The same POS on DM1 and Hawk
will conduct to the same It product before 1G _
opening begins. POS experiments in this 12 13

MHD regime indicate similar effective I=_ 15 cm

magnetically-insulated gap sizes when the r =.m 1

POS is open, according to .... ...... .------

D 1.6x(2mnec/epUo 2 -I (r/IG) 2-4mm. 6  gas
Increasing this effective gap size for greater It -lasma
values is required to improve the DM1 x-ray
output.
output._ Figure 1. Hawk Inverse-Pinch/POS configuration.
Work supported by the US Defense Special Weapons Agency

* NRC/NRL Research Associate
** JAYCOR, McLean, VA
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HAWK POS EXPERIMENTS WITH DIFFERENT PLASMA SOURCES

Recent Hawk POS experiments using an "Inverse Pinch" (IP) gas-plasma source7 show
potential for increased radiation on DECADE. These experiments were inspired by results8

from the Institute of Nuclear Physics, Tomsk, which demonstrated significantly increased
POS voltage using a hydrogen plasma, compared with experiments using plasmas created
from heavier gases or more traditional flashover (flashboard or cable gun) sources. Increased
voltage was not obtained at higher currents using similar gas-plasma sources on Hawk9 or
GIT-4 in Tomskl°.

The Hawk IP POS experiment is depicted in Fig. 1. The IP is described in Ref 7.
Voltage and current are measured upstream of the POS, and currents are measured at several
locations between the POS and load. An eight-channel laser interferometer measures axially-
integrated electron densities spanning the radial gap between the inner and outer conductors.
Cable gun plasma was injected through the outer conductor for a direct comparison with the
IP POS shots.

POS shots using hydrogen indicate faster, more efficient current transfer to the load than
for heavier gases or cable guns, exemplified by the 13 current waveforms in Fig. 2. These
three shots have almost identical conduction times of 0.95-1.0 [is, but used different POS
plasmas. (The Hawk generator current, 1G, starts at t = 0.) The maximum voltage at the
plasma injection location (z = 0) is systematically greater (- 2x) for hydrogen shots compared
'with cable guns or heavier gases.7

Using hydrogen, axially-integrated interferometry indicates that much of the radial
interelectrode region (1.5 cm out of 2.2 cm) becomes cleared of plasma (within measurement
uncertainty) at the time current is transferred to the load, as shown in Fig. 3 for the hydrogen
POS shot in Fig. 2. Seven of the eight signals decrease rapidly, becoming approximately zero
at the time current is measured in the load (t = 0.95 pis). Several of the interferometer signals
(3, 4, 5) near the center of the electrode gap remain small for an additional 0.5 pIs before high
density plasmas from both electrodes move into the lines-of-sight.

This low-density region is much larger for the hydrogen IP POS than for flashover-
source POSs used previously on Hawk, 8W

and may result in a significantly larger
effective vacuum gap size, the critical
parameter that determines the 600
efficiency of energy coupling from a
POS to a load. Radial density HC H
distributions are compared in Fig. 4 for 54 oo
three POS sources: cable guns, 12 13

flashboards and hydrogen IP. The S / Source Ip(kA) v(cm/ns)
flashover source measurements were 2W - CG 300 1.6

made previously" using a smaller A- Ar 00 1.0

center conductor radius of 5 cm. For -. I
the flashover-source POSs, the initial 0.9 1.0 1.1 1.2

density is redistributed during the Time (s)

conduction phase resulting in a small Figure 2. Load currents (12 and 13) for different POS
radial region where the density is low plasma sources with similar conduction times in the same

enough to imagine the possibility for configuration (r = 6.3 cm). Open symbols indicate currents
at the 12 location and solid symbols indicate currents 10 cm

gap formation, consistent with the downstream at the 13 location. Squares correspond to the
S 3 mm gap size inferred from shots hydrogen IP, circles to the cable-gun and triangles to the
with high impedance loads. The argon IP. The time interval between symbols is 20 ns.
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hydrogen IP POS data indicate a much larger region where the density is small.

DIFFERENCES BETWEEN SINGLE- AND MULTI-SPECIES POS

Species separation can occur 20
in a multi-species POS. This may
explain the differences between the 2

IP/POS and the flashover-source 15 -- 3
POS. This idea was first proposed III 4

by researchers at the Weizmann 6------

Institute who determined that a 10 7

proton plasma moves ahead of the -
heavier species (carbon ions, etc)
in their POS experiments and " 5
conducts most of the current, based 0
on spectroscopic measurements.1 2

Analytic treatments 13  and PIC 0
simulations 14 support this picture. I
The heavy plasma remaining -0.5 0.0 0.5 1.0 1.5
behind the light, current-carrying Time (its)
plasma can limit the gap size. Figure 3. Line-averaged electron densities vs. time for hydrogen
Hawk data for the multi-species POS showing drastic reduction in density at time of opening
flashover sources (Fig. 4) and more (0.95 jLs). The eight beams each sample a 2.5 mm radial region,
detailed measurements" in a covering 20 of the 22 mm radial electrode gap. Signal #1 is
planar cable-gun POS on Hawk closest to the center conductor and #8 is closest to the outer

show this remaining plasma conductor.

extending across most of the interelectrode gap after opening. With a single-species plasma,
no species separation can occur and the JxB force can more effectively sweep the high density
plasma radially toward the electrodes and axially toward the load, producing conditions more
conducive for opening a larger magnetically insulated gap.

The currents measured near the load (Fig. 2) provide clues about the plasma reaching
the load region. The initial rise of the 12 and 13 signals show a time difference, At. Later, the
12 and 13 signals meet at a current less than the generator current. The two signals then

8-
CG POS FB POS IP/H2 POS

"E o• t= o0
t

S4-
t=0.9pLs t 0p~ -

S2- t 0
- t= 0.9 Pts

0

5.0 5.5 6.0 6.5 7.0 5.0 5.5 6.0 6.5 7.0 6.5 7.0 7.5 8.0 8.5
rc r(cm) rA rc r(cm) rA rc r(cm) rA

Figure 4. Comparison of average densities at t = 0 (initiation of Hawk current) and at opening for cable gun
and flashboard POSs (r = 5 cm) (from Ref. 11) and for the hydrogen IP POS (r = 6.3 cm). The horizontal axes
indicate the radial location of the cathode (rc) and anode (rA). Open symbols correspond to the initial density
distribution, solid symbols correspond to the density distribution when the POS is oven.
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increase together and approach <--I10 cm
the generator current. This -IG G2

behavior is the same as would be .
produced by a propagating V
current channel with current Ip <
IG , moving past the probe "Opened" POS moving current

locations with velocity v, shown Figure 5. Schematic of opened POS and downstream current-carrying
schematically in Fig. 5. After the plasma consistent with load current measurements.

current channel passes the probes, the load current continues to increase because the
remaining generator current is flowing through the "opened POS," producing voltage that
drives current through the inductive load. The velocity of the current channel can be
estimated from the axial distance between the 12 and 13 probes (10 cm) divided by At. The
current in the channel is approximately the value where the 12 and 13 signals meet. The Ip and
v values are shown in Fig. 2.

The force on the current channel (while the load current is zero) is proportional to 1P.

Of the three examples in Fig. 2, the force on the cable-gun POS is smallest and the velocity is
greatest, therefore the current-channel mass is smallest. The argon POS has the greatest force
and smallest velocity, therefore the greatest mass. The mass for the hydrogen POS is between
the other two. This qualitative comparison is consistent with the species separation picture.
Only a small fraction of the multi-species flashover-source plasma (presumably protons) is
accelerated ahead of the heavier species, while for the IP plasmas, species separation will not
occur and a larger fraction of the injected plasma will move downstream. The parameters of
this translating plasma may determine the optimum location of diode or PRS loads for
efficient energy coupling.

SUMMARY AND CONCLUSIONS

The hydrogen IP POS is an exciting alternative for DECADE. The Hawk IP
experiments indicate a larger radial region cleared of the initial injected plasma, compared
with flashover-source POSs. This makes it possible for larger gaps to form, consistent with
the factor-of-two improvements demonstrated in 1991 in Tomsk.- Current measurements
indicate more downstream plasma with the IP sources compared with flashover sources,
possibly related to species separation in multi-species POSs. This downstream plasma density
may be circumvented by simply moving the load a sufficient distance from the POS to allow
the downstream plasma to dissipate. Experiments to test this POS with e-beam diode loads
are planned in the near future on Hawk and subsequently on DM1.
1 P. Sincerny, et al., Proc. 11h International Pulsed Power Conf. (Baltimore. 1997). p. 698.

2 J. R. Goyer, et al., IEEE Trans. Plasma Sci. 25, 176 (1997).
3 B. V. Weber, et al., Proc. I1th International Pulsed Power Conf, (Baltimore. 1997), p. 153.
4 J. R. Thompson, et al., Proc. 1 1th International Pulsed Power Con f. (Baltimore,. 1997), p. 269.
5 B. V. Weber, et al., Phys. Plasmas 2. 3893 (1995).
6 R. J. Commisso, et al., Phys. Fluids B 4, 2368 (1992).

J J. J. Moschella, et al., these proceedings.
8 p. S. Ananjin, et al., IEEE Trans. Plasma Sci. 20, 537 (1992).
9 P. J. Goodrich, et al., Proc. l0th International Conf High Power Particle Beams (San Diego, 1994), p. 299.
10 A. A. Sinebryukhov, private communication.
"11 B. V. Weber, et al., IEEE Trans. Plasma Sci. 25, 189 (1997).
12 A. Weingarten. et al., these proceedings.
'3 L. Rudakov, Proc. 10th International Conf High Power Particle Beams (San Diego, 1994), p. 284.
14 S. B. Swanekamp, et al., IEEE Conference Record -Abstracts (1998 IEEE ICOPS., Raleigh) p. 147.
15 R. J. Commisso, et al., these proceedings.
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Abstract

• The U. S. Department of Energy has supported a substantial research program in Inertial
Confinement Fusion (ICF) since the early 1970s. Over the ensuing 25 years, pulsed power
approaches to inertial fusion have remained of interest primarily because of the high energy,
efficiency, and relatively low cost of the technology when compared to the mainline ICF
approach involving large glass lasers. These compelling advantages, however, have been
tempered with the difficulty in concentrating the energy in space and time to create the high
energy and power density required to achieve temperatures useful in indirect drive ICF. Since
the Beams '96 meeting, the situation has changed dramatically, and extremely high x-ray
power (290 TW) and energy (1.8 MJ) have been produced in fast z-pinch implosions on the Z
accelerator. These sources have been utilized to heat hohlraums to > 150 eV and have opened
the door to important ICF capsule experiments. Although light ion beams offer a long term
potential for fusion energy, -we are suspending our ion beam research this year to maximize
progress with z pinches.

Introduction

For more than two decades, scientists in laboratories around the world have used pulsed
power drivers with very short (10s of nanoseconds) pulse lengths for Inertial Confinement
Fusion (ICF) experiments. In the United States, this research has been sponsored by Defense
Programs within the Department of Energy. During this period, the fundamental pulsed power
components and accelerator architectures have evolved to a remarkable extent and, today,
electrical pulses of 60 TW are routinely obtained on the Z accelerator at Sandia National
Laboratories. Many of the technological advances were driven by the demanding requirements
placed upon accelerators by the needs of the fusion program. These requirements are driven
by the goal of achieving up to 1 GJ of fusion yield from an ICF capsule for energy and defense
applications. While the fusion yield goal has remained remarkably the same for the better part
of two decades, the required driver energy, capsule symmetry, and capsule drive pulse shape

* This work was supported by the United States Department of Energy under Contract

DE-AC04-94AL85000.

-9-



have evolved considerably as the community learned more about the coupling of driver energy
into the capsule ablator and the capsule response to this energy deposition.

As the capsule drive requirements were changing, the driver options for pulsed power were
evolving. Early driver technologies included intense electron beams and z pinches. In the late
70s after the development of intense electron beam diodes, a shift from electrons to ions was
dictated by the favorable deposition characteristics of the ions. Z-pinch experiments continued
and z pinches were applied to other applications, but funding from the ICF program was
suspended in favor of ions. While advances in understanding the physics of intense light ion
beams were substantial, the record ion beam intensities that have been achieved (5 TW/cm2 -
protons, 2 TW/cm2 - lithium) remain far below the requirements of ICF (100 TW/cm2).

By 1994 on the Saturn accelerator (formerly PBFA I), z-pinch x-ray power and energy
output had been increased to the level (-20 TW and -400 Id) that important ICF experiments
could begin. The success of these experiments and the recent breakthroughs in z-pinch
performance on the Z accelerator (290 TW and 1.8 MJ of x rays, >150 eV in a hohlraum) have
led to another major shift in emphasis in pulsed power fusion. Beginning in 1999, the entire
pulsed power fusion effort at Sandia will be directed toward developing z-pinch x-ray sources
for ICF. This paper will describe the present status of the pulsed power fusion program at
Sandia and the plans to develop further this promising path to fusion.

The long-term goal of ICF research is high yield. High yield in this context means
thermonuclear yield of 200-1000 MJ. In 1993, glass laser technology was chosen to
demonstrate ignition in the laboratory. The National Ignition Facility will be capable of
delivering 1.8 MJ of 3o (350 nm) light to a target. The 1.8-MJ of laser energy will result in
100 - 150 Id of x-ray energy absorbed in the capsule. The predicted yield with this absorbed
energy is 2 - 20 MJ. Ignition demonstration on the NIF would be a major step toward
obtaining high yieldin the laboratory. However, a high-yield target is expected to require 1-2
MJ of x rays absorbed in the capsule ablator and radiation symmetry on the capsule surface of
better than 2%. To achieve this radiation symmetry, a large case-to-capsule radius ratio is
needed. Consequently, a driver must supply approximately 10 MJ of x-ray energy,
prohibitively expensive using laser technology. In addition, the x-ray power pulse incident on
the capsule must have an appropriate time variation to adiabatically compress the DT fuel.
Furthermore, an energy application of ICF will require a repetitive pulse capability of 4 Hz.
Pulsed-power-driven ICF offers an attractive alternative to lasers with affordable, high-energy,
high-efficiency drivers and the potential for repetitive pulse operation.

Progress in Z-pinch Development

The recent remarkable progress in x-ray generation using z pinches has prompted a major
shift in Sandia's ICF program. Z pinches are now seen as the fastest route to demonstration of
high yield in the laboratory. Pulsed power accelerators have been used for many years to drive
magnetic implosions (z pinches). The loads in these implosions have varied from cylindrical
arrays of wires arranged at constant radius, to annular gas puffs and low-density foams. In the
application as an x-ray source, the kinetic energy in the imploding system is converted into x
rays when the imploding plasma stagnates on axis or on a central cylindrical cylinder. Z
,pinches have historically been efficient at coupling electrical energy into kinetic'energy in the
implosion system, but the x-ray power available has been limited to less than 20 TW.
Beginningin the summer of 1995, however, breakthroughs in load fabrication (which allowed
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several hundred 5 ptg/cm Al or W wires to be mounted to form a 2 - 4 cm diameter cylindrical
array) and improved understanding of load behavior have resulted in dramatic improvements in
the x-ray power available from these sources. By early 1996, the x-ray power available from a
tungsten load exceeded 75 TW, by far the most power ever generated in a laboratory device.
The energy in x rays remained nearly constant at 400 - 500 kJ as the power increased. These
results were obtained on the Saturn accelerator. Such high power and energy x-ray sources
have major applications in the ICF program.

While the breakthrough experiments were being conducted on Saturn, a major modification
to the Particle-Beam Fusion Accelerator (PBFA II) was underway. The intent of the
modification was to allow z-pinch experiments at higher currents than possible on Saturn to
validate the scaling of x-ray power and energy with accelerator current. The modified
accelerator configuration was first called PBFA-Z and later shortened to Z. Ambitious goals
set for Z included delivering 18 MA to the pinch, producing 1.5 MJ and 150 TW of x-ray
energy and power and, using this x-ray source, heating a vacuum hohlraum to > 100 eV and a
dynamic hohlraum to > 120 eV. The first radiation producing experiment on Z was conducted
in October 1996 and within the first month of operation, the current, energy and power
milestones were met.

The x-ray power available from a z-pinch implosion is limited by the Rayleigh-Taylor (R-T)
instability. Mitigating the effects of this instability can greatly increase the total radiated
power. Progress in this area has been significant, with a major advance occurring when nested
wire arrays are employed. Analysis and computer simulations suggested that if one wire array
were imploded onto another wire array at smaller radius, growth of the R-T instability would
be reduced. Experiments that optimized the mass ratio between the inner and outer wire arrays
resulted in a 40% increase in radiated power. Today, the x-ray output of Z has climbed to 290
TW and 1.8 MJ. The energy and power scaling with current has been confirmed (E,P oc 12).
Figure 1 shows the agreement in radiated energy scaling with z-pinch current over two
decades. The x-ray power increase as a function of year in Fig. 2 illustrates the very rapid
progress of the past two years. 300

10 ,- 1 i 250 A

- 200.:., Ole-

tm 0 .1 00a0. -0 100

S 0.01 o 50

0.001 , , , ,, ,l , , * " 0 , , , ,1 ...
1 10 1980 1985 1990 1995 2000

Current (MA) Year

Figure 1. X-ray energy vs. z-pinch current Figure 2. X-ray power vs. year

Hohlraum heating and target concepts

The high x-ray power output has enabled experiments to optimize the temperature in
hohlraums. Progress in this area has also been rapid. To both increase the x-ray intensity and
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improve the spatial uniformity, we have enclosed the wire-array x-ray sources within large (up
to 5-cm diameter, 2-cm long) cylindrical hohlraums. This configuration is denoted a "z-pinch
driven" or "vacuum" hohlraum. If we assume that 80% of the x ray energy incident on the
high-Z inner walls of this hohlraum is re-radiated back into the hohlraum volume, a simple
power balance predicts that the x-ray intensity inside the container will be a factor of five larger
than the power generated by the z-pinch source itself Measurements indicate the hohlraum
temperature reaches 150 eV when a 20-mm-diameter, 300-wire tungsten array implodes within
a 10-mm-long, 23-mm-diameter hohlraum. The re-radiation of the z-pinch x rays from the
hohlraum wall effectively produces a Planckian source. If the imploding array itself contains
(re-radiates) radiation into the cylindrical region within the array, a dynamic hohlraum can be
formed. Experiments in this configuration have shown that a dynamic hohlraum does indeed
form and that significant gains in radiation temperature are achieved. In experiments on Z, a
nested wire array was imploded onto a plastic annular target (2.5 mm radius, 3 mg). The peak
temperature obtained while the hohlraum remained useful for driving a capsule experiment
(that is, the mean free path of the x rays was large compared to the radius of the imploding
cylinder) was > 155 eV.

Three generic z-pinch driven capsule configurations are being considered for high yield
(Fig. 3) ranging from the vacuum to the dynamic. The concepts explore variations in the level
of conservatism in the z-pinch source characteristics versus drive temperature and efficiency of
driving the capsule.

t ----------------

Figure 3. Three hohlraum/capsule concepts for high yield.

The high hohlraum temperatures (>150 eV) enable the first capsule experiments which are
scheduled to begin this year. These experiments will employ dynamic hohlraums driven by
nested wire arrays. Currently the dynamic hohlraum provides our highest radiation
temperatures in an open volume while simultaneously producing a reasonably symmetric
radiation drive. At the time of this writing, a 240- on 120-wire nested tungsten array of 3 mg
total mass striking a 2.5-mg deuterated plastic cylinder of 5-mm diameter yields a first strike
temperature of 80 eV which linearly ramps to 180 eV over roughly 7 ns. While the high-
temperature of the dynamic hohlraum is preferred over configurations where the capsule
hohlraum is external to the z-pinch x-ray source, target designs are constrained by the time
between first-strike of the imploding z pinch on a central cylinder and the stagnation of the
entire target on the cylindrical axis of symmetry.

Capsule design and modeling for the first dynamic hohlraum capsule experiments are being
carried out with the LASNEX radiation hydrodynamics code. High-resolution capsule
performance simulations are accomplished with 1-D calculations using experimentally obtained
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drive histories. Integrated 2-D simulations incorporating the tungsten wire impact on the
dynamic hohlraum are Used to address capsule drive symmetry. The current capsule design is a
1.6-mm inner-diameter sphere with a 30-micron thick polystyrene shell fabricated by General
Atomics. To enhance the fill gas lifetime, a permeation barrier of approximately 4 microns of
PVA and 0.6 microns of aluminum is coated on the shell. The capsules will be filled with 16-
18 atm of deuterium gas with an optional 0.1 atm of a diagnostic dopant gas such as argon.
Clean 1-D simulations predict a neutron yield of 3x10 10 for an undoped polystyrene shell while
the yield increases to lxlO" with a 2.5% atomic fraction germanium -doping.

Experimental diagnostics for this series can be divided into source diagnostics and capsule
diagnostics. Characterization of the dynamic hohlraum environment will be determined
through filtered XRDs both on- and off-axis, and filtered, time-resolved x-ray framing cameras.
Capsule performance will be assessed through neutron time-of-flight, neutron activation and a
filtered, time-resolved x-ray framing camera for imaging the imploding capsule emission.
Careful characterization of the experiment is a necessity, as comparison of the capsule
performance with simulation will provide the starting foundation for our high-yield dynamic
hohlraum targets for the proposed X-1 facility.

X-1 is a proposed facility that would deliver 60 MA to a z-pinch load. The scaling curves
suggest that X- 1 Would be capable of producing 16 MJ and > 1000 TW of x-ray energy and
power and of heating hohlraums to > 250 eV. Simulations indicate that these conditions
would allow capsule/hohlraum configurations to yield in excess of 200 MJ fusion output. X-1,
if approved, could be built and high yield experiments begun by 2010.

Status of Light Ion Beam Development

Light ion beams have the potential of capitalizing on the efficiency of pulsed power in
applications for inertial fusion energy (IFE) by offering standoff and repetitive pulse operation.
Progress in developing light ion beams for ICF has been substantial but many obstacles remain.
The key physics principles of an indirectly driven ion beam target demonstrated in radial diode
experiments have included ion beam deposition, radiation conversion, tamping of the radiation
case by an optically thin foam, and radiation smoothing. Using light ion beams for IFE will
require extraction ion diodes with much higher beam brightness than has been demonstrated.
The remaining ion beam issues fall into two main areas: beam intensity and standoff. The ion
beam intensity is determined by the total ion beam power and the ion beam divergence.
Simulations of ion diodes suggest that an electromagnetic contribution to the ion beam
divergence can be reduced by controlling the electron sheath through high magnetic fields or
by physical limiters that keep electrons away from the anode. Electron control is also
important because cross-field diffusion allows electrons to reach the anode and reduces power
efficiency. The electron loss also heats the anode leading to thermal and stimulated desorption
of monolayer surface contaminants that become ionized and generate a parasitic (e.g. non-
lithium ions) loss current of ions. RF discharge cleaning of the electrode surfaces can help
suppress this parasitic current; the efficiency of lithium production has increased substantially
on the SABRE accelerator using these techniques. An active ion-source where an independent
energy source is used to prepare an anode plasma is required to allow both control of the
electron distribution and reduce the source divergence to an acceptable level. Light lab
experiments have determined the minimum laser fluence on the anode to produce a uniform
plasma ion source. An experimental series that integrates all of these concepts at once (high
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magnetic field, active laser-produced ion source, electron limiter, and improved anode
conditioning) is in progress on SABRE.

Standoff is required for high yield applications to protect the ion diode from the target
blast. The baseline transport mode in previous studies was an achromatic lens system that
required an ion beam divergence of 6-8 mrad. Self-pinched ion beam transport is an attractive
mode for both light and heavy ion fusion energy applications and could relax the ion beam
divergence requirements on the ion diode. Self-pinched transport experiments are being
conducted at the Naval Research Laboratories. Success in establishing scaling laws and
controlling solutions for these key issues on the SABRE, COBRA, and GAMBLE accelerators
could lead to future higher-power ion diode experiments and eventually to a repetitive high
yield facility for energy production.

Conclusions

Pulsed power provides an economical source of x-ray energy and power for ICF research.
Experiments on pulsed power accelerators have demonstrated that x rays can be generated
with high efficiency using fast. z pinches. Experiments are planned to continue to optimize
these sources for application to ICF. 'The first capsule experiments on Z using a z-pinch x-ray
source are planned for later this summer. These and similar capsule experiments will provide
validation of computer models of capsule designs. Z pinches represent the best means to
generate high-energy, high-power x-ray environments for exploring pulsed power driven
ignition and high-yield relevant capsule physics. In the far term if the remaining ion beam
brightness and transport issues can be resolved, light-ion driven ICF could offer repetitive high
yield for energy production. Sandia's pulsed power ICF program is focused upon exploiting
the advantages of pulsed power in fusion research.
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URT-0,5 REPETITIVE PULSED ELECTRON ACCELERATOR
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34 Komsomolskaya St., Ekaterinburg, Russia, 620049

Abstract

URT-0,5 repetitive pulsed electron accelerator with a semiconductor opening switch and
a vacuum diode with a metal-dielectric cathode were created for commercial application.
The electric circuit of this unit is based on a SOS-technology and utilizes a thyratron-
magnetic compression of the energy.

The accelerator produce electron beam with an electron energy of 500 keV, a current of
200 A, an FWHM pulse duration of 50 ns, a pulse repetition rate up to 200'pps, and a di-
ameter of cross-sectional area 10 cm.

As a X-rays generator it had produced 30,4 Gy per minute at 5cm from the anode on
the axis.

Introduction

The cheapness, ease of service, reliability, and longevity of accelerators are the decisive
factors determining their commercial application. Among the large number of available
types of electron accelerators, accelerators based on semiconductor opening switch (SOS-
technology) [1] meet these requirements to the highest degree. The use of magnetic com-
pression of energy in combination with SOS allowed the development of a number of
compact accelerators and oscillators [2] with a long service life. A SOS serves as final
power amplifier and converts a microsecond pumping pulse to a nanosecond output
pulse.

Usually preliminary magnetic compression of the energy using with semiconductor
switch - thyristor, [3]. But there is a not simply way, because of there are usually. three-
four linked magnetic circuits which put into operation too difficulty. We prefer another
way to use magnetic compression of the energy with a thyratron [4]. A thyratron is high
voltage unit and it is possible to use only one steep of magnetic compression.

Electric circuit diagram and design of the accelerator

Electric circuit diagram of the accelerator is shown in Fig. 1. The device consists of a
high-voltage energy storage (HVES), a control panel and a high-voltage oil tank, which
houses a thyratron Vi, high-voltage capacitors C1 and C2, a high-voltage pulse trans-
former-compressor PT1, SOS and load - vacuum diode V2. The dimensions of the oil
tank, which weights. approximately 250 kg, are: diameter 0,5 m and height - 1 m.
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-380fV25 kV Ca C2 500kV, 50ns

L __ __ oil tank

trigger ]CP

Fig. 1. Electric circuit diagram

The vacuum diode of the accelerator works with a pressure of 10-4 Torr. The vacuum
insulator, with a height of 18 cm, has a shielded acrylic dielectric surface [5]. A metal-
dielectric cathode is used [6]. A 100-mm diameter window covered with an Al foil 35 urm
thickness serves as the beam exit.

The voltages at the capacitor Cl (U1) and vacuum diode (U2) were measured with the
use of resistive dividers (Fig. 1.) based on the carbon resistors with a digital oscilloscope.

The accelerator is supplied by a three-phase 50-Hz mains with voltage 380V by using a
high-voltage converter in HVES.

The accelerator operates in the
following way. The capacitor C I is

U,kV charged -to the voltage - 25 kV
250- from HVES. The charge current of

200 400 600 this capacitor reverses magnetiza-

0 t.ns tion of the core of the pulse
transformer-compressor PT I
(permalloy 50 NP with thickness

-250 0.02 mm). When the thyratron VI
is turned on, the energy is transfer-

500 ring from Cl through PT1 to ca-
pacitor C2 in time - 350 ns to

Fig.2. Oscillogram of the voltage pulse voltage level - 250 kV (Fig.2).

of the capacitor C2 The same time it is the process of
forward pumping of the SOS. The
SOS consists of two parallel
branches, each comprising 4 se-

ries-connected opening switches (CqJI-1600-04 diode). The amplitude of the forward
pumping current is - 0.5 kA. Upon saturation of the core of PT 1, the capacitor C2 is dis-
charging. The reverse current is pumping of the SOS (- 1.5 kA), as soon as the SOS cuts
off the current, an output pulse is generated at the load. A breakdown occurs at triple
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points (metal-insulator-vacuum) of the cathode, and the generated plasma emits electrons.
The electrons are accelerated, by the applied pulse and escape to the atmosphere through
the foil.

Test results
The accelerator was tested in electron beam and X-ray mode (Table 1 and Fig. 3). Given

pulse repetition rate is limited only by the thermal load on the core of the pulse trans-
former-compressor. As a X-rays generator the accelerator had produced 30,4 Gy per min-
ute at 5cm from the anode on the axis. The target consists of Ta and Al with thickness 0.1
and -2 mm correspondingly. The X-rays pulse (P) was measured using a pin-detector
(Fig. 3.).

.The absorbed dose of

0,5' the electron beam at the
accelerator exit was

U) •measured with the use
, of plastic dosimeter

films [7]. Detectors
S0,3- were placed at the sur-
CL •face of the exit foil. In

> 2 _ • _ _ _ _one measurement, a
r /detector allowing the/ P*1 0 obtaining of the full

0, 1- beam print was used. In
each measurement,

. * *i:~:~a'1 a, 1500 pulses with a fre-0 ,

0 50 100 150 200 quency of 50 Hz were
applied.t,fns The electron current

Fig.3. Oscillogram of the voltage (U2) de behin therfoi

and X-rays (P) pulses. density behind the foil
was calculated from the

measured absorbed dose Do (calculated to the single pulse, of course), using the formula
obtained from the relation for calculating the dose due to electrons [4]. It was J=3.1
A/cm2 that corresponded the total pulse current 250 A (in the atmosphere). The effective

electron energy E, was
Table 1. Parameters of the accelerator measured with the filter
Electron energy, MeV '-0.5 technique [4]. The adsorbed
Pulse current in the vacuum diode, A - 350 dose was measured before
Average output beam power, kW -1.25 Do and behind D1 the filter

Puke duration, ns 50 ( 35 tm Al foil ). Then the

Puke repetition rate, pps 200 effective electron energy E

Beam area, sq. Cm '-80 can be found from the rela-

Consumed power, kW -4 tion for attenuation of fast
electrons in a filter material.
The results of calculations
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and voltage values U2 measured at the vacuum diode are listed in the Table 2 as well.
The accelerator service life is determined by the operational life of the components used.

The basic components can withstand > 1010 pulses. The limitation is due to the thyratron,
with a certified service life of 500 h [3]. But this limitation is not essential, because the
thyratron operates in a mode of substantial power underloading, and the accelerator de-
sign allows prompt replacement of the thyratron.

Table 2. The results of calculations.
N Do, KGy D1, KGy D0 /D 1  E,KeV U2, KV J,A/cm2  Note
1 30,1 20,06 1,5 486 500 3,1
2 20,06 13,84 1,45 516 500 2,06 Both detectors are

additionally covered
_______________ ______ ________with a 35 .•m Al foil

Conclusion

It is possible to use this accelerator in such application of a high-current electron beam
and bremsstrahlung as: conducting chemical reactions, sterilization, water cleaning, lumi-
nescence and other commercial applications.

The accelerator is so reliable, because we use industrially robust or well-tested compo-
nents. Nevertheless, all components are not so expensive and so it is possible to rebuild or
replaced them in short time.
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CRITICAL ELECTRON-HOLE PROCESSES IN DIELECTRIC
INDUCED BY SYNCHRONOUS ACTION OF HIGH ELECTRIC FIELD

AND HIGH-CURRENT-DENSITY ELECTRON BEAM

D. I. Vaisburd

Tomsk Polytech University, 30 Lenin Avenue, Tomsk 634034 Russia

Abstract

Injection of high-current-density (HCD) electron beam of nanosecond pulse duration into a dielectric
creates strong electric field, from one side, and high density of electrons and holes trapped at the
shallow levels in the band-gap, from the other side. Two types of high intensity electron emission from
dielectric into vacuum are studied experimentally and considered theoretically. The first one is field
electron emission from dielectric (FEED), which arises owing to intense detrapping electrons from
shallow levels in high electric field. The second one is critical electron emission from dielectric
(CEED), which arises when FEED current density exceeds critical value and induced point explosions
of the microtips on the dielectric surface and ejections atom-ion plasmas from this points into vacuum.
Full theoretical and computer simulation of FEED and CEED needs to take into account a lot of
ultrafast excitation/relaxation processes in dielectric under HCD electron beam irradiation.

1. Introduction.

Wide-band-gap dielectrics (WBGD) have found a lot of applications to scientific and industrial
instruments and technologies, first of all owing to the transparency in the visible region and low
intrinsic electrical and thermal conductivity. Among the main fields of their use there are laser
technique, optics, optoelectronics, thermal and electrical insulation. Damage of a dielectric is usually
yielded from critical (catastrophic) processes like optical and electrical breakdown, brittle fracture,
plastic flow, etc. But research, understanding and theoretical description of them are far from being
completed because the earliest decisive stages of these processes such as high electronic excitation and
ultrafast many-channel relaxation have very short lifetimes: from 10.17 to 1i0s s. Direct experimental
investigation of high electronic excitation and ultrafast relaxation in WBGD becomes possible through
application first, of high-current-density (HCD) electron accelerators and second of pulsed power
lasers high order harmonics generation. Our Lab for nonlinear physics at Tomsk Polytech University
has been starting the first research of WBGD under pulsed power electron irradiation many years ago
in 1969 using HCD electron accelerators of GIN-type (1-20 ns, 0.1-10000 A/cm 2, 0.2-0.45 MeV) and
has observed and studied some transient effects in dielectrics: 1. Intraband radioluminescence, 2.
High-energy intraband electrical conductivity, 3. HCD critical electron emission and its transition to
vacuum discharge and bulk breakdown, 4. Cold brittle destruction, when fast heating the dielectric by
electron beam does not exceed 10', 5. Acoustic longitudinal and flexural waves generation, 6.
Dislocation avalanches generation and plastic bending filamentary crystals (whiskers). The (1) and (2)
reflect some early stages of electronic relaxation in a dielectric after pulsed power excitation. The
observed components of luminescence (1) and electrical conductivity (2) are proportional to dose rate,
have picosecond lifetimes and weakly depend on impurities and intrinsic defects. The luminescence
quantum yield does not depend on temperature up to melting point (and even above it). The
conductivity has quasi-metallic (falling) temperature dependence. Detailed comparison of numerical
experimental data with theoretical evaluations shows that so-called 'non-ionising' electrons and holes
(n-i e-h) with kinetic energies of the order of 0.1-10 eV bring in the decisive contribution to fast
electronic processes in a dielectric at high dose rates . The n-i electrons of conduction band and holes
of valence band are free of impact and Auger ionising the medium. They do not create e-h pairs,
excitons, plasmons and other intrinsic electronic excitations and transfer the energy excess to the
lattice by generation short wave phonons first of all and long-wave acoustic and optical ones too. The
rate of the energy relaxation B(E)=- dE/dt and lifetime r are of the order 10 eV/ps and 1 ps
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respectively. The drift of n-i e-h in electric field gives the observed high-energy intraband
conductivity. Direct radiative transitions of the same n-i e-h between subbands of the sole band give
the observed 'intraband luminescence'. When electric field inside the dielectric reaches such a critical
value that the average power obtained by electron from field exceeds the rate of its energy loss then
the electron will perform the transition from passive n-i states to active ionising ones and induce
avalanche of ionisation which is the first stage of electrical breakdown process. It is difficult to
achieve pulse duration of HCD electron beam shorter than hundred ps and investigate the earliest
femtosecond stages of electronic relaxation. Farther progress has been achieved by application of high
intensity lasers high order harmonics generation. Now the currant state of the art allows us to divide
the time scale of entire excitation/relaxation process into the main temporal stages having the
following characteristic times:
1. Primary electronic excitation resulting from multistep e-e impact and e-h-e Auger collisions (in the
case of HCD electron beam action) and the same processes after multiphoton absorption of high
intensity laser harmonics and generation of highly excited e-h during -0"17-15 s,

2. Formation of 'instant' spectra of n-i e-h before the start of electron-phonon (e-ph) scattering, not
longer than 10-15-1014 s,
3. Electron-phonon relaxation of high energy n-i e-h and temporal evolution of their energy-
momentum distribution from instant to quasistationary ones under 'long' (more than 101" s) action of
laser or HCD electron beam,
4. Thermalisation and trapping e-h through self-trapping, coupling into excitons and capture by
intrinsic and impurity defects during 1 0 13- 1 0 10 S,
5. Detrapping e-h from shallow levels induced by combined action of thermal fluctuations, high
optical or microwave or static electric fields and impact or Auger ionisation of traps by high energy n-i
e-h during 10-11 - 10- s,
6. Spectral and space redistribution of e-h owing to heating in high electric fields, impact and Auger
ionisation of traps, transport within dielectric owing to induced transient conductivity and electron
emission from dielectric into vacuum during 1011 - 10-7 s. Enumerated temporal stages of
excitation/relaxation process form the prelude to such critical phenomena as optical or electrical
breakdown and explosive electron emission.

2. Review of experimental data on critical electron emission from dielectric induced by injection
of HCD electron beam.

Several types of critical electron emission from dielectric into vacuum induced by electron beam
injection have been observed and studied during the last sixty years. The most known ones are
discovered by Malter (1936) and Dow, Nablo and Watson (1967-68) [1,2]. But application of low-
current-density (LCD) electron beams has not allowed them to measure intrinsic temporal properties
of the emission because long time is needed to accumulate trapped charge of critical density in a
sample under LCD injection. Started the experimental research of electron emission of dielectrics in
1975 we have been applying HCD electron accelerators of GIN-type for injection and subnanosecond
temporal resolution in the measurements. It has allowed us to observe the intrinsic properties of
critical electron emission of dielectrics (CEED) [3, 4, 5].
1. CEED arises sharp when the density of negative charge injected by primary electron beam and
trapped in the sample reaches (1-8) 10-7 C/cm 2 and creates electric field of critical value in the range
(0.2-1.2) 106 V/cm for different dielectrics: LiF, NaF, NaCI, KCI, quartz, fused silica, polyethylene,
teflon, polyvinyl, PMMA. Critical field strength is of the same order for both CEED and nonuniform
electrical breakdown of dielectrics.
2. CEED induced by HCD electron beam arises in the form of gigantic single pulse, which duration is
several nanoseconds and somewhat longer than injection one.
3. CEED pulse delays from injection one for 1-20 ns. The time delay decreases along with increase of
primary beam current density.
4. CEED coefficient may be estimated as ratio of emission pulse area to that of injection one. It varies
from 0.7 to 1.0, i.e. the overage emission current density is of the order of injection one: 10-1000
A/cm 2. This fact is of high importance for understanding the CEED mechanism. The detailed research
of transient electrical conductivity of dielectrics induced by HCD electron beams action shows that
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major part of that has picosecond lifetime, i.e. disappears simultaneously with irradiation pulse. When
the emission pulse has delayed several nanoseconds from the end of injection one then the conduction
current arisen through the impact ionisation of medium by primary electron beam is so small that
cannot supply the intense emission observed. These data are direct experimental evidence for intensive
generation of conduction electrons in dielectric's subsurface owing to traps ionisation in high electric
field, i.e. detrapping.
5. CEED performs phase transition to vacuum discharge between the dielectric surface and metallic
collector if the electron current to emission centers is maintained at the necessary level. Vacuum
discharge when arriving always follows the emission. No emission, no discharge. Bulk breakdown
when arriving always follows the vacuum discharge. No vacuum discharge, no bulk breakdown. The
time sequence of the events is such: primary beam injection - critical electron emission - vacuum
discharge - bulk breakdown.
6. Photopictures of dielectric surface and vacuum gap through the CEED demonstrate directly its
space nonuniformity. Evaluations taking into account the emission current cross nonuniformity give
the peak value of CEED current density from the local emission centers on the dielectric surface : 105 -

106 A/cm 2.
7. Energy distribution of emitted electrons is governed by electric field on the dielectric surface. The
stopping potential up to -6 kV applied to metallic collector does not essentially influence on the
emission current.
8. Detailed description of experimental data with figures and tables is given in [5].

3. Primary electronic excitation of dielectric by HCD electron beam and forming instant spectra
of non-ionising conduction electrons and valence holes

The instant spectra of n-i e-h are the energy distributions of them in conduction and valence bands
respectively prior to beginning of e-ph relaxation. Initial data for computing the instant spectra are:
energy distribution of primary electron beam fo(E), which is given in Fig.1 for HCD electron
accelerator GIN; energy spectrum of density of filled states including discrete sequence of deep
quasiatomic levels g(1) and continuous spectrum within the valence band g(/), which are given in
Fig.2 for NaCl; top energy for n-i electron EA and hole EH (above such energies e-h regain the ability
to ionise the dielectric medium); differential cross-section for impact ionisation a(E, 1, g) where e is
the energy of secondary electron. The instant spectrum is calculated in a recurrent process. The first
step gives the spectrum of secondary electrons
fo,.MeV'1

4

3 Fig. 1: Energy spectrum of primary high-current-
density (HCD) electron beam generated by HCD desk-

2 top accelerator GIN designed and produced in Tomsk
1 Politech University and Institute for High Current

Electronics Russia Academy of Science.

0
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Fig.2: Energy spectra of densities of filled states including discrete sequence of deep quasiatomic
levels g(I!) and continuous one within the valence band g(/) and free states in the conduction band g(e)
in NaCI crystal.
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g()= (i)+ fg (I)dI fU(E' I, 6)f, () dE, (1) where E, is

supreme energy of primary beam electrons, the expression in square brackets is operator which implies
summation over discrete and integration over continuous spectra of filled states. The n-i e-h part must
be subtracted from the spectrum of secondary electrons and the remained part offi(e) is substituted in
place of fo(c) for the second step of calculation which gives fi(e) and so on. The differential cross-
section for impact or Auger ionisation is corrected through taking into account the real spectrum of
density of final states in the conduction band (Fig.3).
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simulation.

The instant spectrum of n-i conduction electrons generated by HCD electron beam in NaCI has been
computed both in the recurrent process described and via Monte-Carlo simulation. The results
practically coincide (Fig.4).

4. Temporal evolution of n-i e-h energy distribution from instant to quasistationary ones

The first approximation of n-i e-h energy distributions temporal evolution can be received by solving
the Boltzmann's kinetic equation. Such consideration neglects some essentially quantum effects:
tunnelling among subbands and conservation of phase coherence over many collisions with phonons,
etc. Nevertheless, detailed analysis has shown the Boltzmann's kinetic equation to be valid for
computing temporal evolution of e-h energy distribution inside wide conduction and valence bands in
a dielectric. Input data necessary for calculation are: density of states spectra for the material, n-i e-h
instant spectra which are the initial distribution functions, and the spectrum of energy relaxation rate
B(E). The temporal evolution of n-i electrons energy distribution figt) within wide conduction band
looks very simple in 'energy-age' space. In this case Boltzmann's equation reduces to continuity one

Of 10t - 0 (f B) /e = 0. (2)
The n-i e-h lifetimes are of the order of 10"13_10"12 S. If the duration of primary excitation is much more
than lifetime then the temporal evolution of n-i e-h energy distribution yields the quasistationary
spectra. The exact solution of eq.(2) reads

n. (-, t) =[GQt)/B(6-)][ f'~ dJJf6 e] (3)

where G(t) is the rate of n-i e-h generation, nA(6,t) is the spectral density of n-i e-h on the level ejet) is
the instant spectrum. The result is simple, enough .exact and- valid as well for the cases of two-photon
and multiphoton excitation by laser beam of pulse duration more than 101 s. The quasistationary
energy distribution of n-i conduction electrons in NaCI crystals excited by HCD electron beam of 10
'-10" s pulse duration is given in Fig.5. The transient intraband conductivity and intraband
luminescence of n-i e-h are computed with using their quasistationary energy distribution. The results
of calculations are in good agreement with experimental data on luminescence (Fig.6) and
conductivity.
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Fig.6: Intraband luminescence spectrum of non-ionising conduction electrons in NaCI under

irradiation by HCD electron beam

5. Spectral and space redistribution of e-h in high and superhigh electric fields

The last stages of ultrafast n-i e-h relaxation - thermalisation and trapping - have been investigated by
using laser methods of subpicosecond time resolution. The most advanced research is done by G.
Petite with collaborators at CEA (Saclay, France) [6]. They has developed an optical interferometric
technique (transient frequencial interferometry) allowing direct measurement of conduction electrons
density and lifetime in a dielectric with 50 fs time resolution. The fast trapping electrons in the bang-
gap is associated with the formation of self-trapped excitons (STE). The shortest lifetimes 150 fs of n-i
electrons in conduction band are observed in SiO2 and in this material the STE formation kinetics does
not depend on the pump laser intensity, while the trapping rate increases in NaCI with the growth of
excitation density. This result is interpreted as a direct evidence of exciton self-trapping in SiO 2 and
electron trapping by a hole after its self-trapping in NaCI [6]. The fundamental correlation between
lattice elasticity and self-trapping excitons and holes is observed: the more C/l the more self-trapping
probability will be (C is deformation potential and ý is elastic constant). If self-trapping is absent then
e-h are trapped from the bands by intrinsic and impurity defects only and their lifetimes rise up to 101°
s as in MgO and A120 3.
Detrapping e-h from shallow levels can be induced by combined action of high optical or microwave
or static electric fields, thermal fluctuations and impact or Auger ionisation of traps by high energy n-i
e-h. The typical duration of these processes is in the range 1011_ 10.7 s. Thermostimulated overcoming
the Shottky barrier between local level and band edge in high electric field is named Poole-Frenkel
effect [7]. Tunnelling from local level to band in high electric field is described like Fowler-Nordheim
theory for field electron emission. Impact and Auger ionisation of traps by high energy and hot n-i
carriers is described according to Keldysh's theory [8].
All detrapping processes in high and superhigh electric fields are accompanied by sharp rise of
induced electrical conductivity in a dielectric. Having the purpose of experimental research and
seperation of different detrapping processes in superhigh electric field author has proposed to
synchronise in one setup three modules: two HCD electron accelerators of GIN type (0.45 MeV, 0.1-
10000 A/cm 2,. 1-20 ns), generator of high voltage and apparatus for registration. Such setup named
"Synchrogin" is applied to study the conductivity of a dielectric in superhigh electric field escaping the
breakdown. The idea of experiment is following. Induced e-h conductivity of a dielectric rises up to
very high value 10-10" (Ohm.cm) 1 under the irradiation by HCD electron beam. If pulse of high
voltage is placed within the irradiation one then the breakdown will not occur even in superhigh
electric field exceeding the breakdown threshold. "Synchrogin" allows us to measure the Volt-Ampere
characteristic of thin dielectric up to field strength 2- 106 V/cm (Fig.7). Below 105 V/cm the transient
conductivity does not depend on field strength and equals oq0, i.e. the Ohm's law is valid. Above 2.105
V/cm it rapidly increases along with the field strength. This dependence is described by empirical
formula

a = o-, exp(bF") (4)

where F is field strength in V/cm, a = 2.5 + 2.7, b = 10i1 for NaCI crystal.
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6. High-power field electron emission from dielectric into vacuum induced by injection of HCD
electron beam

Theoretical description of the critical electron emission from dielectric (CEED) needs to take into
account all ultrafast and fast processes considered and mentioned above. Two theoretical models are
developed. The first is field electron emission from dielectric (FEED) induced by HCD electron beam
injection pulse. It takes into account the following processes: 1. Charge and energy deposition of
incident electron beam in dielectric, 2. Time-space distribution of electric field created by injected and
trapped charge of primary beam and additional stopping the beam by this field, 3. Enhancement of the
electric field on the nonuniformities of the surface relief, 4. Generation of n-i e-h and excitons owing
to impact and Auger ionisation of the medium and instant space distribution of their densities, 5.
Recombination of e-h and excitons, 6. Self-trapping the holes, 7. Trapping the electrons by self-
trapped holes, self-trapped excitons, biographical traps (intrinsic and impurity defects) and color
centers created by irradiation, 8. Detrapping the electrons from shallow levels owing to Poole-Frenkel
effect and tunnelling to the conduction band, 9. Heating/thermalisation of electron gas in high electric
field due to impact ionisation of traps and e-e collisions of free carriers, 10. Electron transport in
dielectric via induced conductivity, 11. Electron emission from dielectric surface into vacuum
according to generelised Fowler-Nordheim theory. The FEED model is two-dimensional. A little part
of dielectric surface which contains one microtip enhancing the local electric field is considered. And
this microtip is the main source of the emission. The FEED model is realised in the nonlinear system
of 19 equations initial and boundary conditions:

an-bnonh -cno(N- N)+y(F)n., + -divJ + (5)49t e

+ neb + eK Vdnfe nlfb + KCb Vdne ne b,

nN(r,-,t) = cno (N- neN), (6)
t9t

nh (r, zt) = G-ane nh +IC C, V dnone, (7)
tt

Snob (r, :Z, t) 
no1-t ='n enb - bn, n e + y'(F neeb , -- -Ko, vd non, eh + Ko, evd Ine n ee , (8)
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= bnoneh - r(F) neeh I h vdnhVd n"eeb, (9)

div[e (r, .,)gradU] = P, (10)

p=eC(nh-nf-nN-neoh), (11)

f=J +L +J , (12)

(r,,z, t)= fo ,F, (13)

rCF)v F r -2-1e F /4,Tzee 0

-exp 2krT I (14)

LB

G Jb(rZ't) < (dEe/IdJ> (15)
(1.5E. e)

e ne (-Z, (r),I t) f'[, , f ]- E - ,( 6

J,~ ~ ~~F( -1 2ý3

D(E)=•exp 8rff x A( ' (17)

A eF/=-1 (18)kg=•4,• e•+1

Mr, ,(,,t) =J,,"'f f(t) f.(-z- z(r)) ,(19)

The following boundary and initial conditions are used:
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U(r,-d,,t) = U1 , U(r,d2 ,t) = U2 , (20)

""_ + Jc(r,_Zt)-J,(r, t) i z((21)

'0J~ ~ ~ ~ ~~ c' Z e f9J (r Z<Z,()+S

S- + -,J if z,(r)+ < Z<d 2,Oz L9

no(r, g,O) = nh(r, tO) = noN(r, ZO) = nob(r, ZO) = nohb(r, Z0O) = 0, (22)

= 1, if Z < Z, (r),if (<rr) (23)
e lr Z if Z > z' (r), (3

where N is initial density of biographical defects; n,, nh, neh, neeh, and neN are densities (concentrations)
of free electrons (e), holes (h), excitons and color centers containing one electron and one hole (eh),
centers containing two electrons and one hole (eeh), and electrons trapped in the biographical defects
(eIV) respectively; vd is drift velocity of electron in electric field; F and U are electric field strengh and
potential respectively; G is the rate of e-h generation per unit volume by primary beam; XF) is the
probability rate of detrapping electrons through Poole-Frenkel effects and tunnelling from the shallow
level in band-gap to conduction band; Keh and Keh are the rates of impact and Auger ionisations of eh-
end eeh-centers respectively calculated via Keldysh's theory [8]; a, b and c are the rates of trapping
electrons by self-trapped holes, eh-centers and biographical defects respectively; -eh and -reh are
lifetimes of excitons, eh- and eeh-centers according to inner recombination processes; g0 and e are
absolute and relative permittivities respectively, T is the absolute temperature: p, is the space charge
density, Jb, Jc, and J, are primary beam, conduction and emission current densities respectively; Jb

relaxation in dielectric is computed via Ito-Tabata algorithm. [9], u, is the conduction electron
mobility; I,, is ionisation potential of the trap; v is frequent factor; dEe /dz is -energy deposited to the
medium by primary electron per unit path at the depth z computed via Ito-Tabata algorithm [9]; Eg is
the band-gap; z.(r) is the form of dielectric surface containing a microtip; D(E,) is the probability of
tunnelling; 0 is Nordheim function [10]; V is the height of barrier for conduction electron emission
from dielectric and Ay/ is its reduction due to Shottky effect; d, and d 2 are the vacuum gap and
dielectric thickness respectively; U1 and U2 are the external potentials applied to the collector and rear
electrode respectively.
The algorithm for numerical solving the system has been developed, Mac Cormac method for eq.(5)
and differencing method for others being used.
One of the main results if computations is shown in Fig. 8. The pulse of primary beam current density
Jh is of supercritical value. Intense electron emission J, starts with time delay of 2 ns and continues for
several nanoseconds after the end of injection pulse J. owing to detrapping electrons from various
shallow levels. The FEED is highly nonuniform. Its current density averaged upon the surface <J1> is
about 20% of the injection one, i.e. of the order of 101_103 A/cm2. But peak value of emission current
density Je taking place on the top of the microtip is of the order of 105_106 A/cm2. It means that the
density of energy deposition is of the order of 104-1 05 J/cm 3 there. It is enough to induce explosive
boiling of the substance and ejection atom-ion plasmas from the microtip into the vacuum gap. And
FEED performs the phase transition to CEED. The model of the latter takes into account the existence
of critical current densities J, cr and Je
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7. Summary and conclusion

Application of HCD electron beams with nanosecond pulse duration for charge injection into
dielectrics has allowed to determine the intrinsic time-dependent properties of the critical electron
emission from dielectric into vacuum. Theoretical model of electron emission from dielectric induced
by injection of HCD electron beam is proposed. The model is two-dimensional and takes into account
the non-uniformity of the emission current. A little part of dielectric surface which contains one
microtip enhancing the electric field is considered. The model is realised in the system of nonlinear
equations. Algorithm for numerical solving this system is developed. The computations give that peak
value of emission current density on the top of the microtip is of the order of 10-10' A/cm2 . It is
enough to induce microexplosions of the microtip and ejection of plasmas from the microtip into the
vacuum gap and perform a nonequilibrium phase transition of FEED to CEED and vacuum discharge
and bulk breakdown.
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Abstract: This paper reports on recent NRL Gamble 11 experiments with rod-
pinch diodes which duplicate and extend previous results. These diodes utilize a
thin annular cathodesurrounding a small diameter anode rod extending through
and beyond the plane of the cathode. Up to seven rods were simultaneously
pulsed with each rod displaying well behaved electrical characteristics (0.8 - 1.5
MV at impedances of 15 to 30 ohms). Time and spatially resolved x-ray Pin diode
detectors demonstrated efficient current (>50%) propagation along each rod. The
50 rads Si that was measured 30 cm from each carbon rod (0.16 cm radius) with
Ta cone tips at 1.5 MV corresponds to 10 - 1000 times the dose of other point
radiography sources. While previous rod-pinch experiments were perforned with
solid rods, a new high-velocity, high-efficiency propagation mode was
demonstrated using a hollow cylinder with a 6-tim Al wall and a carbon end plug.
It is speculated that the propagation was via electron reflexing through the thin
anode rod without the need for anode ion production. Also, when no end plug was
used, the electron beam appeared to reflex along the entire length of the rod until it
lost its energy.

INTRODUCTION

Pulsed-power-based radiography systems are designed to produce the maximum x-ray
yield from the smallest source area. Present systems employ positive-polarity, high-
impedance electron-beam diodes comprising of thin annular cathodes surrounding tapered
anodes. Since the endpoint voltage is determined by the specific application and the anode-
cathode gap size is limited by plasma closure, the current in'these non-self-pinched diodes can
only be increased by increasing the cathode area. This has the undesirable effect of both
increasing the spot size and reducing the ability to pack multiple sources close together. Rod-
pinch diodes, which were first reported on in 1978,[1] can potentially mitigate these problems
by extending the anode well beyond the cathode plane thereby uncoupling the geometry-
dependent diode impedance from the final x-ray output spot size. A rod-pinch diode utilizes a
thin annular cathode surrounding a small diameter anode rod extending through and beyond
the plane of the cathode. The initial electron flow is radial and the current is space-charge
limited. After the current increases beyond the critical current (cri,- 8 5 00 (y2-)1) 2/ln(rK/rA)
where rK and rA are the cathode and anode radii and y is the relativistic factor) the electron
flow becomes magnetically limited. The intense (- 10' - 106 A/cm2) electron beam then
propagates efficiently along the rod beyond the cathode plane as an anode plasma is produced
at the beam front in a manner similar to the collapsing hollow electron beam in. a planar self-
pinch diode. [2] When the electron beam reaches the end of the rod it forms a tight pinch at
the tip and a very intense x-ray pulse with a spot size on the order of a mm is produced. The
early rod-pinch experiments were performed on the NRL SOL generator at 400 kV and 20 kA
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and the NRL Gamble I generator at 800 kV and 40 kA. They demonstrated efficient electron
beam propagation on solid rods with lengths up to 20 cm, propagation velocities of up to 0.5
cm/ns, and up to two rods were successfully driven from a single source. This paper reports
on recent NRL Gamble II experiments with up to seven rods driven from a single power
source at 1.3 MV and 45 kA per rod with a 50 ns FWHM radiation pulse.

GAMBLE II EXPERIMENTAL RESULTS AND CONCLUSIONS

Up to seven magnetically isolated rod-pinch diodes (six in an 18 cm diam. hexagonal
array with one in the center) were driven in parallel by the NRL Gamble II generator operated
in positive polarity. A common vacuum chamber with a plexiglass end plate was placed
around the seven individual rod-pinch diodes. This experimental arrangement allowed the
high current Gamble II generator
to efficiently drive multiple rod- B-dot Current
pinch diodes in parallel and Loop
allowed independent Carbon
measurements to be carried out ode
on each rod-pinch diode for
efficient data collection. A 1  _ _ _ _ _ _ __ _ _ _

schematic cross section of a~
typical rod-pinch diode ijs shown
in Fig. 1. The current in each Carbon
diode was measured with a B-dot 5 Anode

loop and the common voltage em >
was determined by inductively Figure 1. Experimental schematic of single rod-pinch diode.
correcting the voltage measured
at the vacuum insulator. X-ray
diagnostics included a time integrated x-ray pinhole camera, and time resolved collimated x-
ray Pin diodes which were used to estimate the distribution of electron current along the anode
rods. For the particular subset of experiments reported on here, each carbon cathode was 0.32
cm thick with rK= 8 mm and each solid carbon anode rod was between 5 and 13 cm long with
rA=l .6 mm . An end-on x-ray pinhole photo of seven 5-
cm long carbon anodes is shown in Fig. 2. The equal x-
ray intensities suggests that equal electron energy is
deposited on each of the rods. X-ray pinhole data viewing
the side of a 13 cm long rod anode (Fig. 3) shows a tight
pinch at the tip of the rod and suggests that most of the
radiation is produced from the last 1-cm of each anode.
In addition, a conical taper at the end of each anode
produces a tight electron beam pinch at the tip of the taper
(Fig. 4). Here a 2 cm long Ta cone was placed at the end
of a 9 cm long carbon anode. Intense x-rays can only be
seen from the last 1 cm, and it is possible that anode
plasma expansion increased the effective source size at the
tip. The 50 rads-Si that was measured 30 cm from each Figure 2. X-ray pinhole camera, 2 mm

Ta cone tip represents 10 - 1000 times the dose measured diarn., centered on diode axis at 117 cm
from other high-impedance point radiography sources. from rod tips for Gamble II shot 6917.
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CM
13 cm Figure 4. X-ray pinhole camera,

Figure 3. X-ray pinhole camera, 20 mil diam., at 500 from the 10 mil diam., at 700 from the diode

diode axis looking along rod anode for Gamble II shot 6927. axis looking at the Ta cone tip for
Gamble II shot 6925.

More quantitative data, illustrated in Fig. 5, taken with time and spatially resolved x-ray
Pin diode detectors demonstrates efficient electron beam propagation to the end of the solid
carbon anodes. The experimental schematic at the top of Fig. 5 shows a 13-cm long carbon
anode which was viewed
from the side with three x- - J 4.5 cmm------ 4cm-- 4 cm-
ray Pin diodes, each of + V~• V•which have been Collimated r - -/...

Pin Diode i. Ps en oim

collimated to only view a Detectors -".

1-cm length along the
anode. A time integrated x-ray pinhole

x-ray pinhole photo, photo

similar to Fig. 3, is shown Shot 6932 Red TI--- Pst..

below the schematic. The V 6932 12 •--4cm upstr 1.a M
V = 13 MV 2 .8mupstream

individual x-ray signals I 45kA .10
generated from each of rK =O.8cmr=0.16cm 8

the three Pin diodes, as LA = 13 cm S

the electron beam v 0.8cm) s -

propagates along the A_, -... ,
anode, is shown at the .-2 v 0 100 120 140 a

bottom of Fig. 5. At Time (ns)

about 70 ns (voltage starts Figure 5. X-ray Pin diode signals for solid carbon anode.

at 30 ns), the x-ray signal from the Pin diode located 8 cm from the tip of the rod starts to rise.
About 5 ns later, the x-ray signal from the Pin diode at 4 cm from the rod tip starts to rise and
about 5 ns later the x-ray signal from the last Pin diode viewing the tip of the rod starts to rise.
The beam front propagation velocity is approximately 0.8 cm/ns. What is interesting is that,
as this last signal continues to rise, the signals from the first two Pin diodes decrease. It is
estimated that greater that 50% of the peak radiation is coming from the rod tip if the
amplitude from the other detectors is integrated over the whole 13 cm length of the anode and
compared to the peak radiation. It appears that the self-magnetic field from the return current
from the rod's tip magnetically inhibits the electrons flowing closer to the cathode from
hitting the anode.

In addition, a new high-velocity, high-efficiency propagation mode was demonstrated
using a thin hollow cylinder. The experimental schematic and the placement of the three x-
ray Pin diodes is the same as illustrated at the top of Fig. 5 except that the solid carbon anode
was replaced with an freestanding, hollow cylinder with a 6-ýtm Al wall thickness and a 1-cm
long solid carbon end plug. The data from the three x-ray Pin diodes are illustrated in Fig. 6
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where, in contrast to the solid carbon anode Rod Tip

data in Fig. 5, all three signals start almost 14 -4 - ,cm upstream

simultaneously and the signal from the solid 12 ,cm upstream

carbon tip has a wider duration. Although a
the end Pin diode has the same amplitude as 6
in Fig. 5., the signal from the other two Pin 4

diodes have a lower amplitude even though 2 -
aluminum is twice as efficient as carbon in £ 0 0 00 120 140 1 0

producing x-rays. This suggest a higher Timeins)

propagation efficiency to the anode's tip than Figure 6. X-ray Pin diode signals for hollow 6 Am Al

achieved with the solid carbon anode. The anode with carbon end plug for Gamble II shot 6940.

propagation appears to be via electron
reflexing through the thin anode rod without the need for anode ion production. Preliminary
NRL rod-pinch simulations show that propagation and pinch formation at the rod tip require
anode ions if reflexing through the rod is not allowed. A similar reflexing mode with the
corresponding high propagation velocity much greater than 1 cm/ns was previously observed
with hollow, planar self-pinch cathodes and less-than electron range thick anodes.[2]

When no end plug was used, the
electron beam appeared to reflex along the

-- Rod Tip

entire length of the rod until it lost its energy. 1 _ _ cm upstream . . .

This is illustrated in Fig. 7 where signals 6 8 cm upstream

from the same threeý x-ray Pin diodes , 4 .4 " ',••

positioned as in Figs. 5 and 6 are shown. 3

Here all the signals appear to start .2 2

approximately at the same time and have A 1 ..
approximately the same amplitude. It ._4 2. .0 10 10 1

appears that, without the solid plug .2

absorbing electrons at the tip of the anode, Time (ns

there is insufficient return current along the Figure 7. X-ray Pin diode signals for hollow 6 pm Al

anode to magnetically inhibit electrons from anode with no end plug for Gamble II shot 6941.

striking it. This mode of operation may have
an application as a very efficient reflexing electron bremsstrahlung converter.

Finally, we speculate that even lower impedance electron beam propagation and/or
reflexing could be achieved at small anode diameters by combining the hollow anodes with a
plasma fill between the cathode and anode. This plasma fill could result in a small effective
anode-cathode gap spacing leading to a much lower impedance than could ordinarily be
achieved with small anode diameters. Clearly many physics issues remain to be investigated
and numerical simulations are in progress.
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1. INTRODUCTION

Collective interaction of microsecond electron beam with a plasma and its fast heating is
being investigated at the GOL-3-II facility. This activity is mainly directed for production of
hot dense (1015-1017 cm3 ) plasma in long open trap in order to study then the multimirror and
<<wall>) confinement of such a plasma [1,2]. The plasma that is already obtained and can in
principle be obtained in this facility is of interest for the broad spectrum of applications, like
controlled fusion, pulsed neutron source, X-ray flash lamps, UV laser etc. Collective beam-
plasma interaction is also studied in other groups [3,4,5].

In this paper recent results performed at the GOL-3-1I facility are presented.

2. GOL-3-II FACILITY

The detail description of this facility is given in [2]. Layout of the device is given in Fig. 1.
The U-2 generator of the electron beam is used for experiments. In described experiments the
energy content of the injected beam was around 200 kJ (1 MeV, 30 kA, 8 [ts). The
longitudinal magnetic field is up to 4,5 T in the uniform part of the solenoid and 9 T in its end

mirrors. Magnetic field
configuration can be
varied at-the facility. The
plasma has a diameter

E-beam 6 cm and 12 m length.
.. generator "U-2"

/Plasma density can be
varied in 1014 1017 cm3

uibbon fExi range and can be as of

• - along the device length
- "- and varied one.

The device is

Fig. I. Layout of GOL-3-H device. equipped by a set of
various diagnostics.

3. RESULTS

The results of the first experiments at GOL-3-I1 facility are given in [1,2]. In new
experiments, the conditions for the most efficient relaxation of the beam in plasma and for
obtaining its maximum.heating are found.
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At the beaminjection into a plasma the two-stream instability is developed resulting in the
beam energy loss and heating plasma electrons. The change in the distribution of beam
electrons over energies as a result of their collective deceleration was measured with the use of
magnetic analyzer (see [6]) installed on the beam output from a plasma. For plasma
density (1÷2) 1015 cm3 the beam electron energy distribution is shown in Fig.2.

50 Final Initial The characteristic feature of
beam relaxation under

Iconditions of the GOL-3-II

device is output beam spectrum
30 which is quite unique for the

beam-plasma systems. In
W contrast to the earlier obtained
.g 20- ----- spectra (see [6]) substantially
"• . stronger spreading of beam

10 spectrum is observed. One can
" see in Fig.2 that after beam-

S-- ----- .plasma collective interaction
0 Vthere is no beam on the system

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E, MeV output but there is a flux of

Fig. 2. Beam energy spectrum qfter interaction with the plasma electrons with a spectrum
measured in 4 ps after start, initial heamt energy is 1.00 Ale V. which decreases to high

energies. The total energy losses calculated by the observed spectrum of a beam passed a 12 m
long plasma column achieves 40%. Note also that in the electron energy spectrum detected by
magnetic analyzer, a large group of particles is near to the lower boundary of energies. These
particles can be both the beam electrons lost over 70% of their energies or a small group of
plasma electrons accelerated by turbulent fields up to energies of a few hundred keV.

The features of plasma heating are mainly revealed by the laser diagnostics. For finding the
energy distribution of plasma electrons the system of Thomson scattering of the second
harmonic of the neodymium laser light was used. The light pulse of 15J and 10 ns was focused
onto the axis of plasma column at a distance of 4 m from the beam input into the plasma.
Finding the electron, distribution function over velocities corresponding to energies ranging
from 0.5 to .5 keV was made by the analysis of spectrum of radiation scattered at an angle 80
simultaneously in three fixed directions: along the beam transportation, in opposite direction,
and perpendicular to the beam axis. In addition, the low energy fraction (in range up to
500 eV) of electron distribution function was detected by 900 scattering system. In the cases
where the detected spectra do not correspond to the Maxwellian distribution of electrons
over velocities, terms "transverse" Tj and "longitudinal" T11 temperatures mean the double
value of the average energy of electron motion in the selected direction that for the Maxwellian
distribution correspond to the standard definition of temperature.

In the experiments the evolution of electron distribution function was studied at different
plasma density and a fixed beam energy content of 170±10 kJ (Fig.3). At a plasma density of
1.1015 cm3 measured transverse temperature T, was (0.9±0.2) keV. At the same time, the
longitudinal temperature of plasma electrons following the beam propagation was found to be
(2.9±0.6) keV and for electrons moving in the opposite direction it was (1.7±0.4) keV. Thus,
temperature of electrons co-directed with the beam turns to be 4 times higher than that
transversal one. With the increase in plasma density the longitudinal temperature drops fast but
the transverse temperature changes insignificantly. As a result, at a-density 2.510.s cn-' they
both become equal approximately of 0.5 keV and the electron distribution function becomes
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Maxwellian. With further increase in3 13- - - - -• -I -' density up to 61015 cm"3 the electron
,transverse distribution function remains to be
"longitudinal Maxwellian and electron temperature

"2- _----------- decreases inversely to the density
' (Tol/n).

Presence of the density threshold in

C - ---------- the dependence of electron distribution
. function on plasma density is natural in

frame of considerations of the
influence of the binary Coulomb

0 collisions. The plasma pressure nT1
0 1 2 3 4 5 s remains to be about the same at the

plasma density, 105s cm-3 variation of plasma density within
Fig. 3. Plasma temperature vs. densi(y, measured by 0.53 uwn range (1+5)1015 cm"3 . Under these

Thomson scattering conditions, electron temperature has an
inversely proportional dependence on density (Tocl/n). Then, the classic mean freq path of
electrons determined in terms of a density and temperature as XOCT 2/n becomes strongly
dependent on plasma density ,ocl/n 3. If one takes into account that at lower density mean
longitudinal energy grows even faster, the free path length depends in this region even stronger
on density. As shown by estimates at nw2.510"5 cm 3 the free .path length of the plasma
electrons becomes comparable with the longitudinal size of the magnetic trap and at
nM1.5•10" cm-3 it is already much larger than the device length. In this case, the electron
distribution function is formed only by turbulent fields occurred as a result of beam-plasma
interaction and it is non-Maxwellian. It is interesting to note that under these conditions when
considering transfer processes in the plasma it cannot be considered as a free collisionless
plasma because of strong collisions of its electrons with turbulent fields. In fact, the
experiments evidence that electron heat transfer and plasma conductivity along the magnetic
field turn to be much lower than the classical ones [6].

Under experimental conditions described above (uniform plasma density along the device)
quite strong heating of plasma electrons was observed. Ion temperature achieves only
20÷30 eV.

For substantial increase in the ion temperature and probably for obtaining plasma with
03>1 a method of a two-stage heating of a dense plasma is being developed on the device [7].
In this case, in the background "rare" plasma which is heated directly by an electron beam due
to collective interactions, a dense gas bunch (one or several) is formed by gas-puffing. As a
result, hot electrons of the "rare" plasma transfer their energy to electrons and ions of the
dense bunch by binary collisions. Feasibility of this method is already proved at the first stage
of the GOL-3 facility [7].

New experiments in this direction are also started on the GOL-3-II device. To do so, in the
beginning of the device the deuterium cloud of a few meters in length and density of-I 016 cm3

is formed. On the rest of the device the plasma density is of -I015 cm3 . In this case, the dense
plasma has the electron temperature of 300÷500 eV and the ion temperature increases up to
100÷200 eV (see Fig.4).
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0.5. In order to improve the
ITi, IWcd

calculated parameters of a dense plasma it is
0.4 - --" .. -- Ti, measured planned not only to optimize the

II_
>- Te ISWcode conditions of its heating but also to

0.3 - - calculated improve confinement of the bunch.
_ Te, measured To this aim, it is planned to mount

a. 0.2 at the device the short (-1 m)
E ,section with lower magnetic field

0. _("magnetic pit") where a dense
plasma will be confined similarly as

0- in a "gasdynamic" trap [8]. As
shown by calculations, under the

0 10 20 30 40 50
time, microseconds conditions of the GOL-3-11 device

Fig.4. Dynamics of electron and ion temperature near z 4 m it is possible to obtain bunch of hot
(n=4.8J10' cm-f). dense plasma (-1 keV) with 3_>I.

This will enable one to start the
experiments on the multimirror and

"wall" confinement of plasma.

4. CONCLUSION

1) High level (up to 30÷40%) of collisionless energy losses of 200 kJ-relativistic electron beam
in the plasma of 10"5 cm-3 density is achieved.

2) Effective heating of a plasma with this density up to Te=2.0 keV due to collective beam-
plasma interaction is obtained.

3) Plasma with density ;z5105 cm 3 is heated up to 0.5 keV electron temperature and up to
0.1÷0.2 keV ion temperature by two-stage scheme.

4) There are good prospects for production at GOL-3-II facility of hot dense plasma with
parameters available for experiments on multimirror and <<wall» confinement and other
applications.
7his work was carried out under financial support of Ministty of Science of Russia and

Russian Foundation /f Basic Research, project 96-02-19436.
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ABSTRACT

Losses of charge carried by Ag ions emitted from a laser-produced plasma are measured
up to a distance of 187 cm from the target. The plasma was generated by a high power iodine
laser delivering the power density up to _1015 W/cm 2 on the target surface. Two ion collectors
of different construction located coaxially were applied, which made the ion current
measurement in the same direction and at two distances from the target simultaneously
possible. The variation of the charge, AQ, of ions escaping the plasma at -10' to the target
normal with the distance, L, from the target was found to be of the form AQ - L2.

INTRODUCTION

The laser-driven ion sources (LIS) represent a new efficient technique, providing
sufficient ion yield at high charge states for a very wide choice of elements. As a driver
various pulse lasers are applied. For example, a commercial CO2 laser was used for
production of Ta and Pb ions with the charge state up to 24+ and 34+, respectively [1,2].
Much higher maximum charge states were measured when the iodine laser PERUN was used:
Ta55+, Pb51+, Pt5°+, W49+ , Au49+ , etc. [3]. The ions from an expanding laser-produced plasma
can be extracted and processed for an application [ 1,2,4] and/or, if their kinetic energy is high
enough, they can be used, e.g., for implantation without extraction [5].

The decisive key parameters of an ion source are the number of emitted ions and their
kinetic energy. For their estimation the distribution of charge states and velocities is measured
employing an ion mass analyzer. The distance, L, from the point of laser beam impact to the
point at which these measurements are done, must be considered as another parameter due to
the space dependence of the distributions mentioned above. For receiving comparable data
from different experiments, the measured data are usually recalculated applying, for example,
the law AQ - L 2 for the charge and the law j - L"3 for the ion current [2,4]. These laws do not
take into account any losses of ions and of their charge outside the laser-plasma interaction
space, that is during the plasma expansion into a vacuum system. It is supposed that the
recombination processes in the expanding laser plasma slow down quickly with the distance,
and a "freezing" of charge states appears, because the electron density, Ne, decreases with the
distance as L"3 and the electron temperature, Te, as L-2 [4]. The decrease in T, with increasing
L was, for example, measured for a Be plasma [6]. It was evaluated from the vacuum UV
radiation of the Be plasma that the decrease in Te ends at a distance of 10 cm and for larger
distances, Te is independent of L. A decrease in the number of ions emitted from a carbon
plasma was observed up to a distance of 145 cm, while at longer distances it remained
approximately constant with the increasing L [7]. Even if experimental results are not fully
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consistent, the idea of the "freezing" of charge states can be expressed by a critical distance,
Lcr, from which the recombination of ions can be neglected. Roudskoy defined Lcr as a
distance from the irradiated target where the initial sharp rise of the recombination losses -L 3

is changed to the slow descend -L - 15/13 [8]. This simple Roudskoy's model renders a scaling
law

Lcr = T113112 v141 6 ,r,13 16 /n 8/18 d 816 ,

where v is the ion velocity, 'Cl the laser pulse duration, nor the critical plasma density, and d the
focal spot diameter. All considerable charge-state changes should happen in the region limited
by Lcr because for the larger distances where Te -L" 15/13 the "freezing" of ion charge states
takes place. For a Pb plasma produced by a CO 2 laser (a pulse width higher than I ns, a power
of 0.2 GW, and a focal spot diameter of 1 or 0.3 mm), Roudskoy calculated that Lcr can reach
a few meters. One can deduce from this large range of Lcr that any comparison of different ion
laser sources could be misleading without knowledge of ion charge losses during the
expansion of plasma into a vacuum system.

An ideal tool for determination of ion charge losses is a time-of-flight ion-current
analysis because a short burst of ions is produced by a short duration laser pulse compared
with the flight time of ions. The simultaneous use of ion collectors located at different
distances from the laser-beam focus-spot makes it possible to compare not only the decrease
in the ion current with the distance but also the decrease in the total charge carried by all
collected ions, integrating the time resolved ion collector signals.

EXPERIMENT ON ION CHARGE LOSSES

The losses of highly charged ions in the expanding plasma were measured far from a flat
Ag target that was irradiated by a focused high-power laser pulse. The iodine laser system
PERUN at the Institute of Physics in Prague operating at the second harmonics (k = 657 nm)
at 350 ps laser pulse duration was used [9]. The laser pulse energy ranged from 13 J to 29 J
and was focused into a spot with a diameter of about 0.1 mm. It made it possible to deliver a
power density from 4x1014 W/cm 2 to IXI0' 5 W/cm 2 on the target.

The above mentioned procedure based on a time-of-flight method was applied using the
advantage due to the pulsed nature of the laser-produced plasma. For measurement of ion
currents during the plasma expansion, two ion collectors of different construction were used.
One of these collectors, IC1, was a ring detector with the inner diameter in = 3.8 cm and
with the outer one 0 out = 5 cm, and the other,
IC2, was a circular detector with a diameter
of 1.5 cm. The ring detector was located at
the fixed distance LIci = 83 cm from the IC2 IC1
plasma. The distance, Lic 2, of the circular
detector ranged from 94 to 187 cm. The , --
scheme of the experiment is shown in Fig. 1. target

The laser pulse strikes the target at -30' to
the surface normal. The ion collectors detect laser beam "
the ions escaping from the plasma at -10' to
the target normal. The target was an Ag slab Fig. 1 Schematic diagram of the experiment
of 1 mm thickness.

All the ion collector signals recorded by a Tektronix TDS 723 oscilloscope were
recalculated in line with the scaling laws mentioned above. For the determination of ion losses
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during the plasma expansion, the amplitude of all the collector signals was multiplied by a
ratio L21AS, since the charge, AQ, collected by a detector with an area AS is proportional to the
solid angle element AD2 = AS/I2. We suppose that the time-of-flight of ions is not affected by
the time period of the ion emission in our measurement due to the fact that the plasma
generated by the iodine laser emits ions during a finite time of only about 10 ns; this value
was estimated from the temporal width of ion pulses measured with a cylindrical electrostatic
ion energy analyzer at a long distance of -2 m for a selected ratio of ion kinetic energy and
charge state, Ei/z.

Fig. 2 shows an example of ion currents measured with the IC 1 and with IC2 that were
located at a distance of 83 cm and of 169 cm from the target, respectively. The highest ion
peak of both the curves is a response to the impact of fast ions. The corresponding velocity
calculated at this peak maximum is -4x I07 cm/s. The second broad maximum corresponds to
slower thermal ions. It is evident that the ion current decayed roughly to a half over a twofold
distance. Integrating under the curves of Fig. 2 for a time period, < t], t2 > , one can estimate

100

80 - ICI;L= 83cm

-- ---- IC2; L = 169 cm
.c 69

- 40

20 ,

0 .. . . . . . . . . . . . .

0 10 20 30 40 50

t [Is]

Fig. 2 Ion current measured by ion collectors ICI and IC2
located at different distances from the target.

the decrease of the charge carried by ions on the path from ICI to IC2. Because the ion
collectors are located at different distances from the target, the limits of integration, ti, must
fulfill the relation ti iC2 = (Ljc21Ljc,) ti ICl. Fig. 3 shows a correlation between the charge, Qic2,
collected with the removable IC2 and the charge, Qicl, measured with ICI for different
positions of IC2. It is evident that the distance Ljc2 does not affect this correlation if the
measured ion charge is related to the solid angle. It indicates that we don't need to consider
the recombination of ions during the plasma expansion.

Fig. 2 shows two groups of ions that expand with different mean velocities. This effect
was ascribed to the formation of a two temperature plasma [10,11]. The fast ion group
consists of ions with the charge state that is several times higher than the charge state of the
slow ions [11, 12]. Both the short time-of-flight and the high potential energy of the fast ions
are a reason why their recombination during the plasma expansion was measured separately
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Fig. 3 Ion charge, QIc2, measured with IC2 versus ion charge, Qici,
measured with IC 1 for different Lic 2.

from the slower ions, but the measurement does not confirm this effect. We can conclude that
the decrease in the charge of Ag ions was found to have the form AQ - L2 and that only the
dilution of ions must be considered due to expansion of the plasma into the vacuum.
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ABSTRACT
A new method to generate plasma targets with electron densities ne __ 1020 cm"3 behind

strong shock waves to study the energy loss of protons and heavy ions is discussed. The
problems of matching of large scale accelerator facility and explosive technique are considered.
It is suggested to use a small (<150 g TNT) vacuum pumped explosive metallic chambers with
fast valves in such experiments. Details on the construction and performance of small-sized
explosively driven generators of strong shock waves are presented. The experimental setup
including the proton accelerator ISTRA-36 and the explosive chamber, which have been
installed in ITEP, is presented. The measured values of proton beam energy losses were 100-
400 keV in dependence on plasma parameters. Comparison of the first experimental data with
the theoretical models is discussed.

INTRODUCTION
To investigate the heating of matter by particle beams detailed knowledge of the energy

loss in dense plasma at high pressures and temperatures are crucial. Experiments carried out at
GSI with discharge plasmas having electron densities up to n'-10 19 cm3 show a considerable
contribution of free electrons to the stopping [1]. With increasing plasma density the influence
of the effects of the Coulomb coupling are expected to be of great importance. Shock wave
techniques make it possible to produce plasmas with electron densities of up to n.-I0 22 cm"3

[2]. For this goal explosively driven plasma generators have been developed [3]. In such
devices plasma is created behind the plane front of an intense shock wave generated by the
detonation of chemical high explosive. Standard shock wave plasma generators contain more
then 500 g of high explosive, to produce shock compressed strongly coupled plasma with
temperatures of 1-10 eV, pressures of 1-200 kbarand Coulomb coupling parameters of 1-5
[2]. Explosively driven plasma targets look very attractive for beam-plasma interaction
experiments because of the absence of strong electromagnetic fields like in discharges, which
significantly effect the beam transport.

EXPLOSIVELY DRIVEN PLASMA GENERATOR
To use standard explosive devices in beam areas of accelerator facilities it is necessary

to build large-scaled explosive chambers and to solve the problems of matching high vacuum
beam lines with the explosive apparatus. As the first step we suggest to use small charge (<150
g TNT) explosive generators in a vacuum pumped explosive metallic chamber with fast valves

-45-



in such experiments. To optimize the explosive plasma generators numerical simulations of
plasma shock compression and a special series of shock wave experiments were carried out
[4]. They show the possibility to construct small-sized linear and cumulative explosively driven
generators with shock front velocities of about 6-20 km/s having a high explosive charge not
exceeding 30-150 g. Using these devices we will investigate experimentally (i) the effect of
strong interparticle interactions in plasma on the energy loss of fast ions and (ii) the stopping
power of plasma at high ionization degrees.

The performance of one type of such explosively driven generators is shown on Fig. 1.
Through transparent tubes 1' and 1 the registration of velocities of shock waves and contact
surfaces was conducted. Steel flying plate was accelerated by products of detonation (60g
TNT) to values of 6.5 km/s. In the first parts of shock tube 2' velocity of shock wave in Xe
was of constant value D 0=6.9 km/s. At passing of conic part the speed of shock wave grew and

1' 4 2

............::: : : : : : : : : : : : : ...............: ! i i : :: : # i• '' . . .. . . .X0

... .q .......

67 X

Figure 1. Experimental assembly. V', 1"- glass tubes; 2-conical section; 3-
products of detonation; 4- flying plate; 5- shock compressed plasmas; 6-
protection wall; 7- optical window; 8- streak camera.

was increased the thickness of layer of plasma. The thickness of plasma slug was of >10 mm
which provide fixed parameters for a time of I ýts for the performance of the experiment with
ion beam. The measured velocity of shock wave in section 1" with diameter of 6 mm is shown

11 - 11
10 "' Io 1 10

9-

83S7 - 7 oE
60

9 5 5o

4- 4

3 3

2 2

1- 1

0' . 0

20 40 60 8o 100 120

X, mm

Figure 2. Velocity of shock wave and thickness of plasma slug in the direction
of motion versus distance X from the cone. 1- initial density of 5.39E-04 g/cc;
2- 1.62E-03 g/cc; 3- thickness of plasma slug.
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on Fig. 2. The velocity is damped out which is connected with small diameter of tube. Shock
wave velocity and brightness temperature were measured in every experiment. Plasma
parameters are estimated in frames of Debye approximation in grand canonical ensemble are
placed in Table 1.

Table 1.
Initial density of xenon 5.39E-04 g/cc

X, T, K P, bar e, 1/cc XeII, 1/cc
mm
20 46700 530 6 0E+l 9 2.6E+18
40 40500 420 5.3E+19 5.9E+18
60 34000 320 4.5E+19 1.3E+19
80 28700 234 3.5E+19 2.OE+19

Initial density of xenon 1.62E-03 g/cc
X, T, K P, bar e, 1/cc XeII, 1/cc

mm
20 41200 1140 1.4E+20 2.9E+ 19
40 34800 870 1.2E+20 4.9E+19
60 29200 635 9.OE+19 6.4E+19
80 23300 430 6.5E+19 6.2E+19

EXPERIMENTAL SETUP
Experimental equipment for the investigations of stopping power of proton beam in

explosively driven plasma behind powerful shock waves is presented on Fig. 3. A 3 MeV 60 us
duration proton beam pulses delivered by 148.5 MNI-z ISTRA-36 RFQ linac at ITEP and
compact metallic vacuum pumped chamber for explosions up to 150 g TNT were the main unit
of this set-up. Differential pumping and fast valves proved to be sufficient for the protection of
high vacuum beam line from the high pressure detonation products.

FIGURE 3. Experimental set-up.
1 - Banding magnet R=500, 2 - Differential pumping, 3 - Vacuum checking, 4
- Fast valves, 5 - Explosive chamber, 6 - Explosive generator, 7 - Analysing
magnet R=707, 8 - MCP plate, 9 - PCO camera, 10 - Pumping
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The position of the proton beam on a scintillator after the analysing magnet was
recorded by a fast shutter camera (PCO-camera). Typical picture of the experiment is shown
on Fig.4. The time gates of the PCO-camera was about 50 us in this shot. The undisturbed
position of the proton beam passing through cold xenon at the initial pressure 10 kPa is seen to
the right. The time about I us is necessary for plasma slug (D-8 km/s) to cross the beam line.
The image of the proton beam interacting with the explosively driven plasma is to the left on
the Fig.4. The intensity of the beam image is low because of the small time of the process and
additional scattering of the beam. The estimated value of the energy loses in this experiment is
AEexp =150 keV.

FIGURE 2. Image of 3-MeV proton beam in the beam-explosively driven plasma interaction
experiment. (P(=10 kPa).

The plasma temperature and shock velocity were measured in the experiment. Pressure
P-50 Mpa, temperature T-4 eV, density p-6 10-3 , electron concentration ne-6 1019 1/cc and
nonideality parameter F-0.35 were realised. Calculated value of the energy loses in frame sof
the model [4] (AE, =200 keV) is in a reasonable agreement with the measured one.

So the first shots with the weakly nonideal xenon plasma showed a reliable operation of
the experimental set-up.

This work was supported in part by I-NTAS Grant N94-1638.
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ABSTRACT
The x-ray spectrograph on base of MICA crystal (2d=19,9A) for spectrum analysis is

described. The device construction (0-20 scheme) is suit to use several types of radiation
detectors: film, charge coupling device (CCD) and microchannel plate (MCP). X-ray film is
used for spectrum measurements in working range of device (3A- 1 8A). The part of the device
working range is measured by means CCD. The CCD length is 3cm. It correspond to AX=4A
range of x-ray spectrum. Analog CCD signal is transformed to digital form and goes to
computer of IBM PC type. The computer software have codes for plasma parameters
determination (Te,ne) according to measuring dates. Preliminary the CCD characteristics in to
x-ray region had been researched. Some of this results are given. In the same time there are two
time resolved detectors for plasma dynamic measurements. The construction of this detectors is
based on the micro channel plates., The x-ray range of MCP detector is AX=O,IA. Some results
of this device application at the pulsed power facilities ANGARA-5 and GAEL are given.

INTRODUCTION
The full information about hot plasma radiation must contain the time- and space-

distribution of X-ray spectrum. There are the different schemes of X-ray spectroscopy
researches of plasma [1,2]. The main parts of traditional spectroscopy scheme are dispersion
element (crystal, grating) and X-ray sensor. The inclusion into spectroscopy scheme the
elements of X-ray optic gives possibility to measure plasma characteristic with spatial
resolution [3]. The time resolution is conditioned the sensor type. Usually the film is using as
X-ray sensor. In this case the integral in time plasma parameters can be measuring only.
Besides the procedure of film processing increases the time of the experimental researches.
Application of charge coupled devices (CCD) as X-ray sensor [4] gives possibility to connect
sensor with computer and to have measuring results just after experiment. Now CCD can
operate with frequency <100 MHz. It allows to measures spectrum pictures through 10+100
pts. Because typical times of high-power processes are more less in this case the CCD
registration can provide time-integrated pictures also [5]. Spectrum dynamic can be measure
by inclusion into spectrograph scheme the sensors with high time resolution. In this paper the
X-ray spectrograph is described where in the same time with CCD sensor the fast X-ray
detectors are used. Detectors are designed on the micro channel plates (MCP) base. Detectors
construction provides the placing of detectors on different spectrum areas and changing
sensitivity of ones.

INSTRUMENT DESIGN
Figure 1 shows a geometry of the X-ray spectrograph. The typical 0-20 scheme is used.

The analyzer is based on a convex mica crystal (interplanar spacing 2d=19.9A). In order to
protect the crystal from damage by the plasma. discharge products and optical radiation, we
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used a 18-jim thick beryllium foil at the entrance of the spectrograph chamber. A high
reflectivity of mica in the first and second orders [6] gives additional possibilities to device,
namely, extends the effective spectral range of the X-ray spectrograph. The full spectral range
of device (3A+18A) is realized by film registration. A cassette with X-ray film is arranged
coaxially with respect to the crystal axis. Usually film registration is made on the initial
stage experiment to obtain survey spectra pictures. In most cases the detection is performed
using the linear CCD (LCCD) and MCP as sensors. The LCCD is placed in the first order of
reflectivity. In the same time MCP detectors measure intensity X-ray lines in the second
order. The LCCD and MCP detectors are mounted on a table holder that could be rotated With
high precision around the crystal axis. The length of the LCCD active area is sufficient to
observe a spectral band with a width of about 4A, which is selected within the working range
of spectrograph. The LCCD. control and analog-to-digital conversion are performed by
means special electronic unit. Digital LCCD signal (RS-232 interface) is transferred
to IBM PC-compatible computer, which allows to process date immediately after the
experiment . The size of each MCP detector covers the 0.1 A spectral range of device. Signals
of MCP detectors come to digital oscilloscope.

REGISTRATION SYSTEM

The adjusting registration is performed by means usually X-ray film. The LCCD based
on an commercial chip, in which the protective glass is replaced by a two layer filter formed
with a 2-jim lavsan film coated with a thin (0.1 jim) aluminum layer. The LCCD structure
consists of the 2700 Working cells with dimensions lI x 1 jm2. To determine this CCD
characteristics into X-ray range the special researches was performed. In detail the method of
one was described in [4]. The CCD characteristics (sensitivity and space resolution) were
determined in the
quantum energy range to computer CCD control
from 0.2 to 25 keV. It Dbock
was shown that energy to oscilloscope
range 0.8-4 keV
intrinsic signalintinsc sgna ...................
broadening caused by .-"_
the charge diffusion in ' ""7.
the LCCD does not order
exceed the one cell rder

size. According to x-ray sourc

dispersion of device
(8mm/A) a full width filter MICA crystal
at half maximum aperture
(FWHM) of spectral
line is about 11 LCCD *Fig. 1. Scheme of X-ray spectrograph
cells wide. Therefore,
the LCCD registration system does not decrease the spectral resolution of the instrument,
which is E/AE=-10 3 for this spectrograph. The LCCD operation can be synchronized with the
working cycle of the experimental setup. Because the control unit was mounted on the
spectrograph chamber and, hence, occurred in the immediate vicinity of a source of strong
electromagnetic field, special measures were taken in order to increase the noise stability of
the device (double shielding of the unit and connecting cables, separate grounding of the
circuit). The analog signal from LCCD was converted to the 10-bit digital code and passed
to computer.
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By design of the time resolAtion mode of spectrograph the main task was the selection
of the fast sensors with high sensitivity to provide registration of signals from LCCD and
time-resolved detectors in the same time. Besides it was necessary to have changeable
sensitivity of detectors to provide measurements by different times of processes. The analysis
and experimental researches have showed that MCP have such characteristics. The time
resolution of one is. -109 sec. The MCP sensitivity depends on voltage on the plates and can
changes in wide range.We used two-plates MCP that had the rectangular sensitive area (l x 10
mm). It was possible to change the MCP positions in according to X-ray lines picture.

We have developed a special program package for control of the spectrograph
operation and process of the experimental date. Now this soft is realized on IBM PC-type
computer.

DEVICE APPLICATION
We used this device in Z-pinch experiments on two installations with markedly

differing energy parameters: ANGARA-5-1 (Russia, TRINITI, Z-pinch current Imax=5 MA)
and GAEL (France, ECOLE POLYTECHNIQUE, Imax=300 kA). The duration of X-ray
radiation was in range 30+80 ns. In spite of great installations difference the application of
this X-ray spectrograph
was successful in the dE/dk, J/A i _

both cases. 2000- -b
In the ANGARA-5-1 2000 I

installation, the load is ]
represented by a hollow Ar [He

gas (argon) jet created by 1000 Cl [He]

an electromagnetic. valve Ar [He] [He A 1H.

with a supersonic nozzle. he_ 1A1 [Hell

As a result of the current Ar [H"'Ar e'

passing through the gas __

shell, the jet collapse on 0 A, A
678a cylindrical formy-solid load on the jet axis. Fig.2.Line emission spectrum: Ar, K and Cl-second order,

The formy-sonlid load Al-first order reflection of crystal, ANGARA-5 facility.

was made of agar-agar
with KC1 additives. The dE/dX,J/A

experiments showed 15 -

intense emission of H-
and He-like lines of the
matter load. Fig.2 shows 10 - Al [He]

lines of argon, potassium,
chlorine in second order.

Al [H]

In the same time it is 5-_ ___

possible to see the Al
lines (matter of cathode) -_ U
in the first .order. ,AM, A Aý

Calculation using the 0- 8.0

relative total radiant 7.0 7.2 7.4 7.6 7.8 ,A

energy yields of the Fig.3.Al-spectrum, first order reflection,
resonance lines of He- and g s Ec fiton
H-like chlorine and GAEL facility.
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potassium ions gives Te values with a scatter (from one experiment to another) within 0.8-
1.2keV.The calculation was performed taking into account of intensities of the
resonance and intercombination lines of He-like chlorine ions. This ratio depends primary
on the electrondensity, which allows the n, (electron density) value to be estimated. It
was found that n,-1 021cm"3, which implies that the electron density perfectly agrees with
initial density of a homogenized foam, assuming an ionization state corresponding to
Te=_lkeV. In the GAEL installation, the load is produced by a plasma generated by the
electric explosion of an aluminum foil and formed by a ring-shaped nozzle. An aluminum
wire with diameter of 10-50 jtm was placed at the plasma jet axis.
The linear density of the
plasma was approximately
equal to that of the wire. The
example X-rayspectrum (the
first reflection order) is shown
in fig.3. In the second S-. . .. ' ... ....
reflection order of crystal 1,m ................
two MCP detectors were .------ ....... .... ....-.

placed. The time duration Q7 .... .

(FWHM) of X-ray radiation(rigA from AI Z-inch s Q ......... ;....... A- .....-- ...;....... z........
(fig.4) from Al Z-pinch is ................. I •- -------
approximately 20ns.The 0Z . ... ....... . -. ...... .......
p ro cessin g / o f - -- .-.-.-._".. -..-.... . ........

experimentaldate gives the -- '
following plasm a param eters: - _,.. . .. . .. . .. . .. . .. . . .. . .. . .. . ..,___,__'
Te_-350-400eV, ff M 8M
n1=(24)x 102 1cm-3. T ns

It is necessary to note that
such parameters have Fig.4. Signals from MCP detectors, second order
approximately 6-10% only. reflection, GAEL facility

CONCLUSION
It is shown that time-resolved MCP detectors can be successful use in the X-ray crystal

spectrograph together with space-resolved LCCD detector. The inclusion of the time-resolved
detectors into spectrograph scheme extends possibility of device and allows to determine the
dynamic of plasma parameters. The measuring setup performs the digital experimental date
and includes computer technique that decreases of date process.
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The first experimental results of the observation of superradiance from a single subnanosecond
high current electron bunch are presented. Superradiance was associated with different varieties of
stimulated emission (Cherenkov, bremstruhlung, cyclotron, etc). The Ka band microwave pulses
with unique short duration 300ps and peak power up to 60 MW have been obtained. The repetion
rate mode up to 25 pps realized.

INTRODUCTION.

In recent years much attention has been given to theoretical considerations of
superradiance (SR) from space-localized nonequilibrium ensembles of electrons [1-5]. This
phenomena includes features of present in both stimulated (selfbunching and coherence) as well as
spontaneous processes (absence of threshold). It is reasonable to consider SR in a specific
situation when the electron pulse duration substantially exceeds the operating wavelength
(otherwise effective traditional spontaneous emission) while at the same time is less or comparable
with the interaction length (in contrast with traditional mechanisms of stimulated emission of
quasi-continuous electron beams which are used extensively in microwave electronics - FEL,
TWT, BWO, CRM, etc). Coherent emission from the entire electron pulse can only occur when a
selfbunching mechanism typical for stimulated emission develops. Another natural condition of
coherent emission is the mutual influence of different fractions of the electron beam pulse. In the
absence of external feedback such influences can be caused by slippage of the wave with respect
to the electrons due to a difference between the electron drift velocity and electromagnetic wave
group velocity.

SUPERRADIANCE AND MECHANISMS OF STIMULATED EMISSIONS.

Superradiance can be related with different mechanisms of stimulated emission:
bremstruhlung, cyclotron, Cherenkov, etc. In [6] results of observation of bremssttrahlung SR
from serious of picosecond electron bunch in the low gain regime have been reported. In this
experiment a superradiance-like regime was obtained in the FELIX FEL operating in the infrared.
In this paper we present results of the experimental observation of different types of SR from
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isolated electron bunch in the high gain regime in Ka frequency band. The SR pulses have been
observed from a bunch of electrons moving along helical as well as rectilinear trajectories. The
first type of trajectory was realized when electrons started to rotate in a uniform magnetic field
after passing through a kicker (cyclotron emission) or oscillated in a combined undulator and
guiding magnetic field (undulator emission). The corresponding resonance condition can be
presented in the form

co- =(1)

where b is gyrofrequency (X)H for cyclotron SR and n? = 27r V is the bounce frequency for

undulator SR, and XU is undulator period.

In the case of a bunch of electrons moving along rectilinear trajectories in a guiding
magnetic field Cherenkov type SR has been studied for two types of slow-wave structures. The
first was a periodically corrugated metallic waveguide where a bunch radiates under synchronism
with the slow spatial harmonic of the backward wave

o = (- k + kcJ)Vk (2)

where k€ = 27t/Xc, X• is the corrugation period. The second used a dielectric loaded waveguide

where forward wave radiation occurred under synchronism
co = kVl (3)

EXPERIMENTS ON OBSERVATION OF SR IN SINGLE SHORT REGIME.

A RADAN 303 accelerator equipped with a subnanosecond pulse sharpener (slicer) was
used to inject typically 0.3-0.8 ns, 0.2-2 kA, 250 keV single electron pulses [7]. These electron
pulses were generated from a magnetically insulated coaxial diode, which utilized a cold
explosive emission cathode. The fast rising electron beam current and accelerating voltage pulses
were measured using a Faraday cage strip line current probe and an in line capacitive voltage
probe respectively, with both signals recorded using a 7 GHz Tektronix 7250 digitizing
oscilloscope. In the first experiments high current electron pulses were transported through the
interaction space over a total length of up to 30 cm in a longitudinal guiding magnetic field of
pulse solenoid. The magnetic field varied between 1-2 T. For measurement of the radiation a hot
carrier germanium detector which had a transient characteristic of 200 ps was used

We started our experiments with cyclotron SR [8].- co
According to theoretical considerations for observation of
cyclotron SR the most favorite regime it is regime of group' C03 ..........
synchronism when electron bunch velocity coincide with e/m co,
wave group velocity (Fig.l). The advantages of such regime
became obvious in the reference system moving with electrons.
In this system electrons rotating in uniform magnetic field will h

radiate at quasi cut-off frequency, like in gyrotrons. As a results
sensitivity to the spread of electrons parameters will much less Fig. I Dispersion curves for

then in other regimes. The process of cyclotrons SR includes cyclotron superradiance

azimuthal selfbunching and consequent coherent emission. As a experiment

result SR pulse duration defines by times of electrons bunching
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and debunching. It is important to note that bunch radiates isotropicaly in ± z direction in
comoving reference frame. At the time in lab frame both components should propagate in
positive direction. On dispersion diagram one component associated with high frequency
intersection while another one with low frequency intersection. As a result signal on the detector
should consist of two pulses (Fig.2a). Carrier frequency of first pulse should exceed frequency of

'0.2
lal lal

Fig.2 Simulation of transformation of
cyclotron SR pulse waveform with

0decreasing of guide magnetic field0.1 -0.1

0.0 1 , L-

0 10 20 30 0 10 20 30

second pulse. At the same time when magnetic field 11.9 kOe

decreases both frequencies tends to one grazing
frequency and double pulse should converted in 1 ns
monopulse (Fig.2b). This conclusion was confirmed c *
experimentally. SR pulses was observed in a rather coI
narrow range of detunilag of the uniform magnetic 11.95 kOe
fields corresponding to grazing conditions with TE 21

and TEO1 modes. For excitation of TE 21 mode
transformation of waveform with changing of axial
magnetic field is presented in Fig.3. According to
theoretical prediction with increasing of magnetic 1 k e
field monopulse converts in double pulse. The peak
power of cyclotron SR was several hundreds kilowatt
minimal pulse duration about 400 ps. Relative \ \
spectrum width was about 20%. For spectral
measurements we used system of cutoff waveguides.

Approximately the same level of peak Fig.3 Transformation of cyclotron SR pulse

power has been obtained in experiments on waveform with changing of axial magneticfield for constant electron pitch angle
observation of SR from electron bunch moving in
wiggler field. Actually in this experiment electrons
moved in combine -longitudinal uniform and

Hz=+13.2 kOel Hz= -12kOe

"Fig.4 FEL superradiance pulses
obtained for the direct and

reverse guiding magnetic field

--

kOe
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transverse periodical magnetic field. Generation of SR pulses was observed for both (direct and
reversed) orientations of guide magentic field. Fig.4 [9].

Results of the first experimental
observation of Cherenkov SR of electron bunch
moving in dielectric loaded waveguide is presented
in Fig.5 [9]. Note that for electron bunches with a
size of several wavelengths it was traditionally
assumed that radiation could be related only with
density fluctuations inside the electron bunch
(incoherent component) or with coherent emission
from the sharp edges of the bunch. Only recently it Fig.5 Cherenkov SR puse
was recognized that much more intense coherent
emission can occur from the entire volume of such
bunches due to selfbunching arising from the
mutual influence of different fractions of the . 1.0

electron bunch, i.e. with superradiative mechanism =0
of emission. The exponensional like dependence of C-0
peak power on interaction distance (Fig.6) " 0.6

demonstrates that the generation of such pulses was
really related is self-bunching and therefor can be 0.4

considered as SR. For the total interaction length of -
30 cm peak power of' Cherenkov SR amounted 02 Z. CM
several megawatt but radiation was presented the 0. 110.0 I

superposition of TM01 and hybrid HE,, modes of 0 8 16 24 28

dielectric loaded waveguide with rather broad Fig.6 Cherenkov SR power as a
spectrum. function of interaction lengh

Excitation of pure TMoi mode was
observed in the case of emission in the periodical corrugated waveguide under resonance
condition (2), when electrons interact with backward propagation wave (BWO mechanism) [9].
The radiation in this case was characterized by high level of stability and reproducibility. Fig.7
demonstrates the oscilloscope traces from 10 SR pulses. These results were obtained for the slow

> 1 (P=0.2P.. )

TWT

1 ns

- .BWO (reflecting pulses)

s 2 ns 2(P=P==P,),

Fig.7 Reproducability of BWO SR pulses Fig.8 SR pulse in dielectric loaded
waveguide (1) and in hybrid system (2)
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wave system of the length about 10 cm and guide magnetic field about 1.7 T. The first small peak
corresponded to the high frequency radiation propagating in the same direction as the electron
beam (TWT mechanism), while the second larger peak corresponded to the designed counter-
propagating emission mechanism. Subsequent bursts are related with reflection of radiation from
the edges of the slow-wave system. Using this reflection it is possible to estimate the wave group
velocity as 0.3 c that corresponds to theoretical calculations. Peak power achieved in the first
BWO experiment was smaller then in the case of Cherenkov emission.

To combine high stability of BWO system with high peak power achieved in Cherenkov
system we constructed hybrid system in which short BWO section was used as modulator of
electron bunch which subsequently radiate in dielectric loaded waveguide [10]. As follows from
Fig. 8 BWO section increase in several times peak power. Maximal power in this experiment
amount 2-3 MW. The modulator also improved pulse stability and direction diagrams.

EXPERIMENTS ON OBSERVATION OF BWO SR IN REPETITION RATE MODE

In the first experiments rather low guide magnetic fields up to 2T were used. For the
BWO system this value of magnetic field was less than the cyclotron resonance value. At the
same time it is known from previous studies of long (5-30 nanoseconds) pulse relativistic BWO
[11-13] that as the magnetic field is varied BWOs have two operating ranges separated by the
cyclotron absorption region. Cyclotron absorption arises when cyclotron resonance conditions are
fulfilled for the fundamental harmonic the wave propagating in the periodic structure. Based on
this experience it was reasonable to assume that for the short pulse injection regime for high
guide magnetic fields the peak power of SR spikes should be several times higher as compare
with those attained in the previous experiments. The increased power should be related first of all
with the improved quality of the electron bunch injected by the explosive-emission cathode. Note
also that the containment of the electron bunch in the strong magnetic field gives the possibility
of decreasing the gap between the electrons and the slow-wave structure and as a consequence
there results a substantial increase of the electrons/e.m. wave coupling and the related gain. A
superconducting magnet was used in a new series of experiments to generate a longitudinal
magnetic field with strengths of up to 10 T. Using a
permanent solenoid instead of the pulsed one used in the
previous experiments permits us to operate in the burst-
repetitive mode.

Detail descriptions of this experiment are presented
in [14]. The maximal peak power measured by detector
achieved 60 MW. Note that increasing power was achieved
also by optimization of bunch parameters: injected current
was increased up to 1.8 kA and electron pulse duration up to
0.8nc. A rather high level of radiation power was indicated
also by the illumination of a neon bulb panel when the
radiation signal irradiated the panel at a distance of 30 cm Fig.9 Luminescence of the matrix

from the output horn Fig.9. The radiation pattern accurately gas-discharge panel irradiated by
• ' the BWO SR pulse

corresponded to the excitation of the designed TMol mode.
One more important evidence of the high peak power was
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obtained from the observation of RF breakdown of ambient air for subnanosecond pulses in the
focus of parabolic reflector as well as inside receiving concentrating conical horn. Comparison
with the results of previous observations of breakdown from long nanosecond microwave pulses
[15] demonstrates that the absolute power really correspond 60 MW. The realized repetition rate
25 pps mode of operation give reason to consider that in fact novel source of powerful
subnanosecond Ka band pulses has been realized.

CONCLUSION.

Summarizing the experimental results presented we believe that the radiation observed
was related with a novel mechanism of stimulated coherent emission of short electron bunches,
namely superradiance. We should emphasize here that coherent emission occurs from an isolated
subnanosecond electron bunch. Of course, the results discussed here give only a rather general
physical picture of superradiance, which needs further investigation, which would specifically
concentrate on more accurate measurements and comparison with theoretical simulations.
However even at the this stage it must be emphasized that the radiation especially in the case of
BWO-like regimes was characterized by a high level of stability and reproducibility from pulse to
pulse. The efficiency of energy transformation amounted to 6% for the backward wave
mechanism The unique characteristic of microwave pulses such as duration (0.3 ns) in
combination with 60 MW power levels and repetition rate mode 25 pps is encouraging for future
applications in areas such as novel diagnostics and the studying of nonlinear phenomena in
plasmas and solids. Another advantage of the RADAN subnanosecond accelerator and
consequently any associated experiments is that the whole system is in the form of a table-top
system.

This work was supported by the Russian Fund of Fundamental Research, grant 98-02-17308 and
by the United Kingdom DRA and EPSRC.
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ABSTRACT

Data is presented on the production of electron beams from a ferroelectric cathode at
voltages of order 0.5 MV and current densities of order 100 A/cm2 . In comparison with
data at lower voltages the beam current scales as the three halves power of the voltage.
An interpretation of this scaling, based on the coupling of electrostatic energy from the
ferroelectric to the gun is presented.

INTRODUCTION

Ferroelectric Cathodes have been extensively studied over the last several years 1,2,3

in an attempt to develop a means of emitting a high current density electron beam from a
robust room temperature cathode, which is insensitive to its environment and, is not
susceptible to poisoning if ultra high vacuum is not maintained. Most of the research has
focussed on two types of cathode, namely:

a. PLZT compositions e.g. 4/95/5 in which emission occurs when an applied electric
field causes the material to switch from the anti-ferroelectric state to the
ferroelectric state. Switching occurs when an applied electric field of order 10-20
kV/cm is applied across the anti-ferroelectric. Recent work has suggested that
higher fields, of order 65 kV/cm are required to initiate the electron emission and,

b. Ferroelectric compositions of PZT and PLztin which the electron emission is
triggered by the 'switching' of the ferroelectric around a minor hysteresis loop.
Fields of order 10 kV/cm, typically applied across a 1 mm thick sample, result in
the electron emission.

In this paper we summarize data obtained with a PZT cathode in an electron gun
configuration to generate an electron beam at energies in the range 200-550 keV, with a
beam current of up to 350 Amperes in pulses having a duration in excess of 200 ns. The
application of the source is to high power microwave generation using a TWT amplifier in
X and Ka bands. These results extend emission characteristics previously reported by
more than one order of magnitude in voltage and by a factor of 3 in the current density.
The data also presents the first reported results applicable to electron gun design.

In the following sections we describe the experimental arrangement used for this work,
the results obtained, and their interpretation.

Permanent Address: Northwest Institute ofNuclear Technology, China.
** Permanent Address: Electrical Engineering Department, Technion, Haifa, Israel.
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Experimental Configuration.

The electron gun used in this work employs a pulse transformer system capable of
generating a 500 kV, 200A, 250 ns electron beam and uses a ferroelectric cathode as the
electron source. It is designed for use in high power microwave generation experiments.
The system operates at a repetition rate of about 0. 1 Hz which is limited by the available
power supplies. Vacuum levels are presently in the vicinity of 5. 10-6 Torr, but will be
modified shortly for high vacuum use. The modulator has been described previously at the
Particle Accelerator Conference 4 and will not be described here. The output of the
transformer is connected to a diode/electron gun located in the fringing field of a 5 cm
diameter solenoid. The peak axial magnetic field used in this work is about 3 kG.

The ferroelectric emitter is located in the cathode surface and has a diameter of 1.9 cm.
The emitter is a 1 mm thick PZT sample, commercially available LTZ2 from Transducer
products. It is pre-poled, and mounted with the Polarization vector pointing into the
vacuum region. The beam was confined, but not focussed by the applied magnetic field.

The ferroelectric emitter is prepoled and has a surface polarization charge density of
about 6 gC/cm2 . Normally emission is produced by the application of a negative voltage
pulse to the rear surface of the ferroelectric ( the front surface grid, which has a number of
20011 width silver strips spaced from each other by 200jt, and is grounded). In this case,
however, a positive trigger pulse is applied to the rear surface of the ferroelectric. This
results in electron emission from the metallic grids which drives Fowler Nordheim field
emission in the vicinity of the metallic grid, ferroelectric, vacuum, triple point. The
duration of the field emission is determined by the applied pulse duration (-lOOns) and by
the hysteresis properties of the ferroelectric so that the total emission may exceed lits.

Experimental Observations

The pulser is typically run at 0.1 Hz for about 100 shots prior to taking data. During the
initial break-in of the cathode there is spiking in the emission with -10-20ns current
bursts, probably associated with out-gassing of the ferroelectric. Following use, the
incidence of spiking seems to decrease and the emission pulses are similar to the data
presented in figure 1. The data shows the voltage across the transformer secondary
-300kV, the ferroelectric trigger pulse -lkV, the beam current -80A, collected by a
graphite Faraday cup located well into the magnetic field coil region, and finally the
current through the transformer primary. A second set of diode voltage current
characteristics are shown at the rated voltage 500 kV, and current of 200A and were
obtained with a cathode to drift tube spacing of 6.6 cm. A copper sulfate resistor was
mounted in parallel with the anode-cathode gap to improve the impedance match between
the beam output and the primary. The impedance of the parallel resistor was varied with
the operating conditions and was typically in the range 500-1000 92. The best beam
performance was obtained with the ferroelectric trigger pulse occurring at the start of the
voltage maximum on the secondary. The trigger pulse shown in fig I should be delayed
by approximately 110 ns to show the correct timing. While the output voltage rises in
about 200 ns the current rise time, which is instrument limited is more like 20 ns. With
varying cathode-anode spacing the surface electric field at the cathode varied up to 100
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kV/cm, however electron emission from the ferroelectric did not occur until after the

ferroelectric trigger pulse was applied.

4

- - - - - - - - - - --- - - .. ..... .

Ch3 2.00 V &M i.o 1,:0 0VV M :0

Fig. 1. Data showing a 300kV (toptrace), 80A (3 rd trace) and 500kV, 200A beam
emission pulses respectively from a ferroelectric illustrating the switching of the beam
current by the ferroelectric trigger pulse (2'd trace). The current rise time is less than that
for the secondary voltage.

In figure 2 we show plots of the gun current versus the three halves power of the gun
voltage for gap spacings of 6.6 and 4.6 cm respectively. The dashed line on each curve
represents the results found from the EGUN code for space charge limited emission with
the actual geometry and magnetic field arrangement used in the experiments. These data
are based on representative results obtained over several thousand events with most of the
data obtained with a 6.6 cm anode cathode spacing. The exposed cathode area of the
ferroelectric disk was 2.8 cm2. The data indicates that emission current densities of up to
125 A/cm 2 were obtained while still yielding reasonably shaped beam current pulses.

Discussion of Results

The emission data reported in this article considerably expands the range of the emission
characteristics for PZT and provides the data needed for an electron gun design. Unlike
our earlier data at voltages of < 50 kV the emission appeared to scale with the three
halves power of the gun voltage and to be within a factor of about 2 of that expected in
space charge limited flow as predicted by the EGUN code. The large spacing between the
cathode and the collector surfaces make it very unlikely that plasma closure plays any
significant role in the emission process but does not preclude explosive field emission on
the cathode surface. The electrostatic field, due to the trigger -pulse applied to the
ferroelectric, at the vacuum/grid/dielectric boundary-is in the sense to extract electrons
from the metallic grid and will cause emission from the grid.
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Fig 2. V-I Characteristics of the electron gun for a cathode to drift tube (anode) spacing
of 6.6 cm. (left) and for a spacing of 4.5 cm. (right).

Schachter 5 has calculated the emission from a wedge on the surface of a high dielectric
constant slab. He showed that the emission is several orders of magnitude greater than
that found from the same wedge in the absence of the dielectric. The calculation depends
solely on Fowler Nordheim emission. More recent work has examined the emission from
an array of ferroelectric/metallic strips in a geometry similar to that in the experiment
described above. This work shows that the emission level results from the coupling of
energy stored in the ferroelectric material into the diode gap. The energy coupled to the
gap exceeds that stored in the gap (due to the anode potential) at low ( <50 kV) gun
voltages by a factor of order 1000. As high gun voltages -500 kV the factor drops to
order unity and the emission reverts to that predicted by the Child Langmuir laW.
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INTRODUCTION

In research of microwave generation of different vircator types, the most actual
questions is increase of the beam energy transformation to microwave radiation energy. The
recent experiments show that, as a rule, vircator efficiency is some percents. The experiments
with vircator triode carried out in S-band show that it is possible to generate gigawatt level
power with efficiency up to 12% [ 1 ], whereas for low level power the efficiency can reach up
to 30% [2]. This report presents results of the microwave radiation generation of the vircator
triode.

OPTIMIZATION OF THE VIRCATOR TRIODE PARAMETERS

Unlike other types of vircators, the processes of the beam formation and the beam energy
transformation to the microwave energy takes place in the same volume in the triode with
virtual cathode (fig.1). This volume serves as the vircator electrodynamic structure
(resonator). It influents to the generation process and efficiency, because the feedback
between the resonator beam and the microwave field, excited in the triode, is the most
effective in this case. In the work [3] a vircator, named "virtod", is described, where a special
additional feedback was organized for increasing the generation efficiency up to 17%. The

vircator triode does not need such 'additional
4 3 feedback. Moreover, this system forms optimal

feedback self-consistent with the microwave
5 radiation excitation by the beam automatically.

2 The influence of the feedback in the vircator
triode to the generation efficiency is
experimentally studied. A cylindrical vacuum

"6 chamber with 60 cm diameter, 60 cm length
S 8 and absorbing inside coating (reflection

coefficient in the S-band less than 3%) was
used as a triode resonator. Microwave radiation

7 was extracted through a window with 60 cm
diameter. The experiments were carried at the
electron energy of 0.5MeV, current up to' 10.4

Fig . ircator te. I- kA and pulse duration of 160 ns. The feedback
2- anode, 3 - inductance coil, 4 - vacuum
chamber, 5 - virtual cathode region, 6 - in the chamber was varied by means of special
microwave output window, 7 - Faraday cup, screens, made of metal foil ribbons and placed
8 - aluminum foil. on the absorbing surface (fig.2).
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Fig. 2. Influence of vacuum chamber to the radiation generation process.

Without feedback, when all radiation is absorbed (fig.2 (1)), radiation starts with current

of oscillated electrons; it is changing according to the current changing. Observed radiation

can be considered as radiation of oscillated electrons in space. Location of ribbons according
to fig.2 (2-4) leads to changing of generation process. Possibility of repeated interaction of

microwave radiation with oscillated beam leads to considerable growth of radiation power for

some values of current (start current Is,). Maximal radiation power was observed for metal

chamber (fig.2 (4)) with the same geometrical shape and sizes, as for chamber with absorbing

material. In this chamber, radiation intensity reached 1.2 GW, start current reduced to It=73 kA.

Thus, the research show that using of metal chamber serving as a vacuum volume where the

beam is formed, and a resonant system provides automatically conditions of optimal feedback
and high efficient generation.

The theoretical investigations on the generation efficiency in the vircator triode are

executed assuming that the factor determining the electron beam grouping is non-

isochromatic oscillations of electrons in self-consistent potential well. Considering the

influence of external oscillated circuit and finite lifetime for electrons in interaction region, it

is shown that the vircator triode can generate stationary with electron efficiency of -10%.

Experimental efficiency more than 10% shows, that side by side with phase grouping, other

mechanisms are working. One of such mechanisms is a phase selection of electrons on the

triode electrodes.
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In the fig.3, the results of electron
30 efficiency calculations are presented for

anode• transparency T = 0.8. For
comparison, the dashed curve is plotted

20 -that was obtained at the same
parameters without taking the phase

10 / .\ selection -process into account. The
carried out experiments confirm that a
phase selection mechanism takes place

0 2 4 6 8 tl0o in the vircator triode. The experiment were

Fig.3. Dependence of microwave triode electron carried out according to the scheme

efficiency on time r/in Solid curve - with consideration presented in the fig. 1. To find "wrong-

of phase selection, dashed line - without• consideration, phase" electrons at microwave
to - time of electron transit from cathode to vircator oscillation generation in triode system, a
triode. hole was drilled in the center of cathode

1, and Faraday cup was placed behind it.
The hole was covered by aluminum foil 8 with 10 gtm thickness to avoid the process of hitting
of triode ions, accelerated by cathode-anode gap, to the cylinder. In presence of phase
selection, "wrong-phase" electrons, having additional energy of high frequency field and
moving against cathode potential, are hitting to the Faraday cup through the hole in the
cathode. High frequency (HF) modulation of flow of "wrong-phase" electrons was registered;
the frequency of this modulation was measured. It was found, that modulation takes place on
frequency, generated in'triode of microwave oscillations. Energy of these electrons was
evaluated by foils with different thickness as much as 100 keV. It corresponds to the
calculated value of "wrong-phase" electrons. Thus, the experiments show, that phase selection
mechanism takes place in the vircator triode. Both mechanisms of grouping are existing
simultaneously, i.e. both phase grouping and phase selection do not stop influence to electron
flow at the generation process.

The same region for formation of electron flow and transformation of the beam energy
to radiation energy allows providing optimal conditions for feedback in the triode and
effective electron grouping; it leads to microwave radiation generation with high efficiency.
However, it is necessary to determine the most optimal parameters (or requirements to these
parameters) for elements of the vircator triode. The vircator triode includes such parameters
as a pulsed voltage source, a vacuum chamber, serving as the triode resonance system, an
explosion emission (cold) cathode and a grid anode.

a Umax=0.54MV a UmX=l MV

Imaxl I8RA Imax,,40kA

S 20 40 60 s0 t, ns 0 20 40 60 so , nsI ,

b Pmax=1.2 GW b Pmax=l GW
i1z12% r1p3%

Fig. 4. Traces of voltage (a) and microwave radiation (b) pulses for the same system
suppliedfrom accelerators "VERA" (left) and "TONUS" (right).
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Generation efficiency and stability depend on shape of voltage pulse, applied to
cathode-anode gap, and triode current. For example, influence of voltage pulse shape to the
generation process is seen from comparison of pulse oscilloscope traces, presented in fig.4.
For both cases, vircator triode parameters were the same. Analysis of vircator triode
experiments shows, that certain requirements for formation of voltage and current pulses in
triode should be met for effective and stable microwave generation in S-band. These
requirements are the following:

"* The voltage pulse should have the extended "flat top" (like in any other microwave
oscillator). It leads to more stable and effective generation.

"* Current should reached starting value when voltage arises or is at "flat top" but does
not fall. This provides "stationary" generation regime.

"* Voltage pulse duration should exceed a number of tenth nanoseconds.
Like for other microwave devices, the radiation power level, efficiency and stability of

operation for the vircator triode depends on conditions of electron beam formation. Usually,
the electron flows are formed by external magnetic fields. Research on influence of external
magnetic field to the generation process shows that magnetic field does not strongly influent
to the radiation parameters for the nanosecond pulse regime. For the microsecond regime, the
magnetic field increases the velocity of plasma transportation from the cathode to the anode.
Hence, the generation efficiency is decreased. In practice, for the nanosecond regime, the
vircator triode can generate without external magnetic field, whereas for the microsecond
regime the magnetic field should not be applied. Experiments show that formation of
homogeneous (in cross-section) electron flow is one of the most important conditions of
efficient and stable operation of the generator. Thus, one of the main conditions is electron
beam uniformity along its cross-section. Ability to provide stable homogeneous emission of
electrons from the surface is one of the main requirements to the cathode. It is achieved by the
proper design of the cathode as well as by the choice of cathode material. Studies on cathode
optimization were performed, and special cathodes for a vircator triode were developed. Type
of a vircator triode cathode depends on the voltage pulse duration which may be
conventionally divided into two intervals: nanosecond (zp<100 ns) and microsecond
(Z-p >lOOns). The anode of a vircator triode should provide small energetic losses and angular
divergence of passing electrons, be of rather high transparency and heat conductivity. Grid
anodes are simple and much more reliable than foil anodes. It is very significant to employ the
grids with a certain optimum value of transparency, i.e. ratio of holes area to the total area of
the grid. Actual optimum transparency values depend on anode-cathode distance, cathode
type and geometry and voltage pulse parameters.

CONCLUSION

The obtained results on research of the vircator triode microwave radiation generation
show that a microwave radiation source with high efficiency can be developed on the basis of
the vircator triode. This source can generate nanosecond and microsecond pulses in S-band.
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The fast liner implosion program is under development at TRINITI on "Angara-5-1"
facility -8-module pulsed power facility with maximum power 9 TW, pulse rise time 90 ns,
and peak load current 4 MA. The main program objective is directed on high intensity soft X-
ray source creation for ICF and basic research. Double liner concept has been suggested as 'a
promising way to provid'e a dynamic hohlraum for pellet irradiatioih.

As a more achievable way to get pulsed power generator with multy tens megaamper
current a joint team of scientists from TRINITI, Efremov Institute, Arzamas- 16, Chelyabinsk-
70, IVTAN, Tomsk and Ekaterinburg laboratories have developed the concept of Super
Angara facility, tentatively named as Baikal. The design is based on using of existing
infrastructure of tokamak T-14 in TRINITI.

DOUBLE LINER SCHEME TO CONFINE RADIATION INSIDE A CAVITY FOR
ICF

Since 1988, its principal research is developing power sharpening techniques for soft
x-ray radiation generated by conversion of kinetic energy of an imploding cylindrical shell
(liner), and to the application of intense soft x-ray pulse for target studies.

We are discussing here cylindrical shells, even though the most effective way for
energy concentration could be a magnetic implosion scheme in three dimensions, a spherical
shell with conical electrodes. This scheme's problems include production of light mass
distributed on shaped shells and their enhanced instability during 3-D compression under
azimuthal (2-D) magnetic field pressure.

The Double Liner (DL) coricept (dynamic hohlraum) was proposed in [1]. It permits to
convert liner kinetic energy to radiation with a pulse that is significantly shorter than the
generator pulse. Theoretical and experimental studies of the Double Liner with ANGARA-5
were carried out and first results were reported in [2,3].

DOUBLE LINER COLLISION EXPERIMENT.

The Double Liner used on Angara-5 is a cascade system with two coaxial liners doped
by materials with high atomic number Z>> 1 [1]. After acceleration by magnetic pressure the
external liner collides with the internal one. Thermal X-ray radiation generated by a high-
velocity shock wave (V = 4-5107 cm/s) penetrates into the internal liner cavity and irradiates a
hohlraum-like target. The external liner gives energy confinement and at the same time
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hinders radiation escape to the outside, thereby increasing the radiation intensity in the hot
cavity. The inner liner serves both to stagnate the imploding outer plasma, to convert plasma
kinetic energy into.radiation, and hydrodynamically to isolate the target from the imploding
plasma before its ignition..

In experiments on ANGARA-5, the outer liner hollow gas puff with Mach number 6
was produced by a supersonic ring nozzle with diameter of 32 mm and ring gap of 2 mm.
Xenon or neon were used as working gases. A jet specific mass was 0.1-0.2 mg/cm, its height
between cathode and anode grid - 1 cm. The internal liner with 4 mm diameter, was prepared
from a foam with average density of 10 mg/cm 3, doped by Mo.

Optical and X-ray cameras show a typical liner velocity of 4-6.107 cm/s at the moment
of collision. At this time the radiation intensity from the outer surface increases up to 1.5
TW/cm 2 with rise time of 3 ns. During the next 5 ns the outer surface temperature drops
rapidly, suggestive of radiative (non-hydrodynamic) cooling of plasma. The radiation yield
during the liners' collision is about 7-10 kJ. The cavity internal surface radiation intensity
reaches 3 TW/cm 2 with a rise time of 3-5 ns. The radiation intensity in the internal cavity
remains on the same level or drops slightly while it decreases outside.

This intensity difference 'between inside and outside demonstrates the radiation
screening effect by the outer liner. The radiation's spectral characteristics at collision differ
from a Plankian at the measured intensity level.. Comparisons of simulations with
experimental results permit to explain this difference by the liner collision's local character
due to initial axial and azimuthal non-uniformity in the gas puff and instabilities. In fact, the
radiation intensity rise time measured locally is 2 ns. Laser shadow and streak camera pictures
show the zipper effect and the theoretically expected instabilities.

After collision the liners implode further together due to inertia and magnetic field
pressure. A Z-pinch forms from the stagnated plasma and a second high power radiation pulse
occurs with rise time 5-10 ns, total radiation yield about 50 kJ, and power 3 TW.

ON AZIMUTHAL MAGNETIC FLUX PENETRATION DURING DOUBLE LINER
IMPLOSION.

There is an important question about an azimuthal magnetic flux penetration through the
external liner during the DL implosion. Anomalous resistance of external liner plasma and
MHD instabilities like Rayleigh-Taylor or Hall effect could be reasons of this process.
Phenomena of the azimuthal magnetic flux penetration through the low density external liner
is considered in [6], formation of the plasma prepinch - in [7].

Magnetic flux can change the dynamic of the strike. The strike will be more elastic. and
the radiation power will be reduced.

On the installation Angara-5-1 the investigations of a magnetic flux penetration through
the outer shell were performed. Penetration of magnetic flux should excite the current through
the internal liner. In these experiments cylindrical shunt was established on the axis of the
charging gap instead of the internal liner to measure this current. The shunt diameter was the
same as inner liner one - 4-5 mm.. This shunt allows to check the penetration of the magnetic
flux to the axis as the appearance of the current at the shunt.

The external liner was produced by hollow xenon jet with high Mach number (-6)
and diameter of 32 mm, generated by pulse annular nozzle. The specific mass of the external
xenon shell was 200ýtg/cm.

The results are presented on the figure. Outer shell shadowgraphy and soft X-ray frames
show the existence of Rayleigh-Taylor instability with wave length about 3 mm up to 30 ns
before strike. Nevertheless the current through the shunt from the beginning up to the strike is
absent with the accuracy of 1% of the main load current amplitude. The current absence

-72-



through the shunt before strike with the existence of the instability in this time is the evidence
that magnetic flux does not penetrate through inner surface of the outer shell. It could mean
that instabilities take place mainly on the outer surface of the outer shell and anomalous

magnetic flux diffusion through the inner
surface of the outer shell is absent.

4- J. [MAI It should be noted that a replacement
3.5- : of the internal liner by a dense metal shunt
3- Xchanges conditions of experiment.

2.5- .Nevertheless valuations show that a
2- .resistance of the shunt and plasma of the

1. JIMA] . .internal liner are comparable. An absence
(r1.2.5mm) of a current on the shunt before strike

0.6 means as appear the absence of a current
o through the inner liner before strike.

0.5 . J It should be noted that one could
71- 740 . . ......... .... explain the results obtained as the absence

7070760 780 800 820 840 860 Hc
of magnetic flux penetration through outer

Fig. 1. Results of experiment of outer shell shell before the moment of soft X-ray
implosion on the shunt. J[MA] - Currents on appearance and. magnetic flux penetration
radius 55 mm and on radius 2.5 mm, Soft X- in the moment of soft X-ray appearance.
ray- Relative intensity of soft X-ray radiation. Anomalous resistance of external liner

I I plasma in this moment could be the reason
of both the soft X-ray production and the current switching to central region. This point of
view on behavior of low density external liner is described in [8]. However the whole
complex of experimental data which were obtained in previous DL investigations is the
evidence of normal high density outer shell acceleration up to strike.

The main result is the absence of a current in the shunt before strike. It is possible to
assert that an anomalous resistance of plasma of the external liner is absent up to the strike
moment with the internal one. A penetration of a magnetic flux with cross plasma jets or due
to sliding of a liner on electrodes is absent too.

The experimental confirmation of the theoretical predictions on the DL scheme is
obtained: up to the moment of strike the current does not penetrate into the internal area and
flows just through the outer plasma shell.

PECULIARITIES OF WIRE RESISTANCE BEHAVIOR ON INITIAL STAGE OF
EXPLOSION.

During last time the large achievements in soft X-ray production were obtained by Sandia
with multywire array implosion. The efficiency of the generator energy conversion to
radiation strongly depends upon the quality of plasma shell. Thus the investigation of initial
stage of wire explosion and the way of plasma shell creation are very important. To study the
different process of plasma creation at initial stage of wire explosion the precision voltage on
wire array axis and current measurements have been carried out.

The experiments were done for different wire arrays from tungsten and molybdenum,
wire diameter: 4jm, 6pm, IOjtm, 20pm. An effort was mounted to provide a good contact of
wires with the electrodes and a homogeneous current distribution through wires. Single
Angara-5-1 module was used in this experiment. The microsecond prepulse suppression was
done by the using of additional prepulse switch. This switch provides the voltage level on
wires during prepulse smaller then 1OV. The heating of 4j, m tungsten wire during prepulse
was less then 100C.
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The voltage on wire array axis was measured by the voltage probe placed at a center of
wire array. Temporal resolution of voltage probe is about 3 ns. Current through the wire array
was recorded by means of coaxial resistive shunt probe with time resolution of 5 ns inserted in
cathode electrode.

The values of voltage amplitude for different arrays were about 5-15 kV with pulse
duration of 10 ns. Both the voltage amplitudes and voltage profile widths were significantly
smaller than those in the case"of the array absence. Small voltage means small wire resistance
value.

So, main result obtained for tungsten and molybdenum wires is that the voltage on axis
drops during first 10 ns. The voltage value measured on axis at the current beginning is too
small for metal wire array resistance increasing upon temperature. The plasma appearance on
the wire surface during first 10 ns could explain the measured voltage dropping. Thus, the
wire array resistance is resistance of plasma produced on the wire surfaces.

The energy deposition in wire up to moment of plasma production is too small for
complete wire substance melting by Ohms heating of metal wires. So, the wire at initial stage
of current action can be presented as heterogeneous system: solid or liquid wire with plasma
on the wire surface.

For better understanding of results of the experiments we performed some simulations of
tungsten wire electric explosion. We compared simulations of naked tungsten wire explosion
with explosion of tungsten wire dressed with thin envelope formed by light substance (that is
impurity) covering of tungsten wire surface before current pulse. The impurity thickness
corresponds to a few atomic layers of carbon.

We conclude that the wire doesn't explode as naked one. The most probable reason of
strong decreasing of the voltage amplitude and of the delivered energy, is that the wire is
covered with very thin impurity layer. It is evaporated in course of discharge quite before the
moment of tungsten evaporation. After breakdown of the corona the current leaves the wire so
its Ohm heating is stopped after this moment. The typical temperature of tungsten after the
breakdown is of order of 0.23 eV. It corresponds to evaluated temperature of tungsten using
measured values of voltage and current. After the plasma corona breakdown, the wire heats
mainly due to heat flux from the corona to the wire surface.

The reason of plasma appearing at wire surface could be a thin layer of light impurities at
the wire surface. After voltage applying the wire temperature will increase; the temperature
increasing would produce the vaporization of light impurities from the wire surface and the
appearance of a gas (and then a plasma corona) near the wire. In the region of nearest vicinity
of wires the plasma productive layer is originated due to Joule current heating of plasma
corona and thermal flux transfer to wire surface.

FOAM LINER PREIONIZATION WITH PLASMA FOCUS CURRENT SHELL.

We consider the Plasma Focus current shell as a possible preionizer for the
multiterawatt driver. The high current plasma shell, being accelerated during some
microseconds in a plasma focus accelerator, could deliver its kinetic, thermal and magnetic
energy to a liner positioned in the shell focus region in rather short period, - 100 ns, providing
appropriate initial conditions for fast implosion. We use a microheterogeneous solid foam as
the plasma producing substance, because our foam liner technology allows us to produce
liners with different sizes, shaping and radiative dopants. Homogeneity of plasma liner
produced was the main problem of interest.

To produce a plasma liner the PF-1000 current shell imploded onto an agar foam liner,
positioned on the top of inner electrode of the plasma focus' coaxial accelerator. The foam
liners have diameter 20 mm and length 15 mm with 20 rtg/mm or diameter 5.4 mm and length
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To produce a plasma liner the PF- 1000 current shell imploded onto an agar foam liner,
positioned on the top of inner electrode of the plasma focus' coaxial accelerator. The foam
liners have diameter 20 mm and length 15 mm with 20 ptg/mrn or diameter 5.4 mm and length
15-20 mm with 25-28 ýtg/mm. The operating parameters of the PF-1000 were capacitance C =
1 mF, charging voltage Vmax = 25 kV, hydrogen pressure -5 Torr, current Imax- 1 MA, current
rise time 4-5 Rts. The details of the experiment are published in our joint report. The initial
results of our joint experiment are encouraging:

1. The low mass plasma focus current shell interacting with a higher mass foam liner
has produced rather homogeneous foam plasma liner. We could not see filaments
in the liner plasma, and the foam liner did not expand dramatically during the
process.

2. The foam plasma produced has temperature T > -20 eV and, consequently, liner
electric conductivity is sufficient to start an effective implosion driven by a 3-5 MA
current with dI/dt > 5.1013 A/s.

3. Combining a plasma focus with a multiterawatt driver and their synchronized
operation are possible in principle. We can't couple PF-1000 and "Angara-5-1" to test
preionization effects of _l MA current, available on PF-1000. We believe this current
level will be good for drivers that are more powerful than "Angara-5- 1." Consequently,
testing of this preionization method is planned on "Angara-5-1" at the 100 kA level for
foam cylinder with mass 200ptg and diameter 20 mm..

GENERATORS "BAIKAL" FOR KILOTERAWATT SOFT X-RAY SOURCE.

TRINITI has initiated a project to build a new multiterawatt machine to produce 5 - 10
MJ pulses of soft x-rays, the "BAIKAL" generator. The generator is to have electric pulse
power 500 - 1000 TW. TRINITI has a unique complex of 3 pulsed electric generators with
inductive store and commutators, originally built to power the magnets of the T-14 tokamak.
The complex is situated in special buildings in the vicinity of "Angara-5-1." It is proposed as
the primary energy source for "Baikal". New systems as intermediate power amplifiers,
reactor chamber and control system are to be created. Preliminary evaluations show that the
machine's total price is, 4-5 times lower when using the available inductive energy source
compared to using a capacitor bank with the same stored energy. A multiterawatt installation
project is initiated now in TRINITI. The main goal is creation of "Baikal" generator for 10-20
MJ pulse of soft X-ray radiation production. Parameters of proposed X-ray generator are:

X-ray pulse energy - 5 -10 MJ with pulse duration - 10 ns;
Method of X-ray generation - plasma shell current implosion;
Load current amplitude - 50 MA;
Load current pulse duration through the imploding load - 100 ns.

The layout of "BAIKAL" is presented on fig. 2. A mechanical energy of 3 GJ is stored in three
generators TKD-200. The generators supply the primary windings of 32-sectional inductive
store TIN-900 with a current of 150 kA for 6 seconds, delivering 900 MJ. Then the TIN-900
is disconnected from the generators and crowbarred by a mechanical switch. The store
secondary winding has 32 sections as well, with each section generating a current of -1.7 MA.
The energy stored at the secondary winding is 600MJ. Using a symmetric scheme of triple
current doubling the energy transfers into transforming inductive store IN-2, having 16 groups
of commutation, and its primary winding is crowbarred as well. The energy transfer into IN-2
secondary winding, coupled with vacuum inductive store IN-3, occurs during -100 ms. Then,
48 synchronized explosive opening switches provide fast current transfer (2-3 ms) into the last
stage of current sharpening. The energy stored at the IN3 is equal to 120 MJ.
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Two kinds of the last stage
are being analyzed now.
The former one is a current
sharpening system, based
on plasma opening

•IN-2 switches to produce 50
MA, 100 ns current pulse
in the load. The plasma

iLNod open switches with time
pulse duration -1-2 jts has
tested up to current - 5-8
MA at GIT 16. The

__ physics of POS at the

open switches - 160, close switches - 648 current -50 MA is absent
now. So, the second kind is

Fig.2 Bajkal layout. being analyzed, with water

insulating pulse forming lines.

SUMMARY

As a result of investigations on ANGARA-5, the general features of implosion and
strike of liners are studied. The effect of energy confinement by the outer liner is observed.
High radiation power sharpening inside the cylindrical cavity with pulse rise time duration of
3-5 ns and kinetic energy conversion efficiency of 30-50% was obtained in the Double Liner
scheme. These values are comparable with code calculations provided that the initial gas puff
density distribution and liner instabilities are taken into account. The development of
technologies for foam liner production allows the use of liners with appropriate parameters.
Experiments carried out on ANGARA-5 and calculations permit us to consider the Double
Liner as a high intensity soft X-ray source for ICF target ignition.

The "Baikal" generator is a new project at TRINITI. The generator is to have electric
pulse power 500 - 1000 TW and a soft x-ray output of 5 to 10 MJ.
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Abstract

In this paper we investigate the radiative behavior of a titanium wire load driven on the Z
facility. A radiation hydrodynamic model self-consistently driven by a circuit describes the
evolution of the plasma and its self-generated environment. Numerical simulations are carried
out to compare the Total and K-shell soft x-ray emission as a function of the iolhization
dynamic model. The ionization dynamic models are represented by 1) a time-dependent non-
equilibrium (GSO) model, 2) a Collisional Radiative Equilibrium (CRE) model and 3) a Local
Thermodynamic Equilibrium (LTE) model. For all three scenarios the radiation is treated 1)
in the free streaming optically thin approximation where the plasma is treated as a volume
emitter and 2) in the optically thick regime where the opacity for the lines and continuum is
self-consistently calculated online and transported through the plasma. Each simulation is
carried out independently to determine the sensitivity of the implosion dynamics to the
ionization and radiation model, i.e., how the ionization dynamic model affects the radiative
yield and emission spectra. Results are presented for the Total and K-shell radiation yields
and emission spectra as a function of photon energy from 10 eV to 10 keV.

Introduction
Z-pinch physics is enjoying a modern day renaissance due in part to the successful

demonstration of the Z-facility's radiative performance. The experimental results have thus
far been spectacular, culminating with the production of about 290 TW of radiated power
from a double nested wire array initially investigated and theoretically studied by NRL. 1 Total
radiation yields of the order of 2 megajoules have been reported from a number of tungsten,
titanium and stainless steel wire array implosions. 2 Z-pinch loads that are imploded to
generate large amounts of soft x-rays oftentimes exhibit structure during implosion indicative
of growing plasma instabilities. One of the goals of the program is to minimize the formation
of plasma structure and produce more nearly 1-D cylindrically symmetric implosions. Better
stability means a tighter Z-pinch at the stagnation phase, better energy coupling from the
machine to the load, more uniform radiating plasma, and therefore, higher radiative output,
and, in particular, greater K-shell yield. This indicates the importance of designing
experiments that are more 1-D-like. Modeling two- and three-dimensional effects in Z-pinch
plasmas should be viewed as a tool for designing loads that minimize instabilities and
produces uniformly radiating plasma.

The theoretical description and numerical simulation of pulsed power driven Z-pinch
plasma loads is based on a variety of models that vary from very simple, as in the case of the
simple slug model, or to very complex 1-2- and 3-D scenarios. The accuracy and reliability of
a model is assessed by how well it provides a basis for an improved understanding of the
observations as well as the capability to accurately predict the behavior of planned
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experiments. In some instances, simple slug models, coupled to a two level atom model, have
been employed to crudely estimate the implosion time and the magnitude of the emitted K-
shell x-ray pulse. At the other extreme there are 1-2- and 3-D RMHD (Radiation
Magnetohydrodynamic) scenarios that incorporate a portfolio of subroutines for the equation
of state, non-LTE ionization physics, transport properties, etc. These models attempt to
describe the dynamic evolution of the plasma including growth of plasma instabilities and
how they affect the integrity of the implosion and the emitted x-ray pulse.

Models can be validated by comparing theoretically generated databases with
experimentally observed results for as many plasma parameters as possible. The parameters
most commonly selected include the magnitude of the radiative yield, the x-ray pulse length
and shape, x-ray pinhole photos of the assembling plasma, and emission spectra. The
temperature and density are inferred from unfolding the experimental results in conjunction
with an ionizaton dynamic model. In order to explore the sensitivity of the emission spectrum
to variations in the model we have performed a series of numerical simulations of a titanium
wire array driven by the Z accelerator. The simulations were performed using a 1-D radiation
MHD model to quantify how the emission features and radiation signatures are influenced as
the atomic and opacity models are modified. The use of a full 1-D model is sufficient to
illustrate the sensitivity of the emission history to the choice of atomic and opacity models.
For example, in the case of the multiple wire Al array loads (having 40 or more individual
wires) investigated on the Saturn accelerator, the implosion appeared to be less influenced by
azimuthal asymmetries and, to first order, adequately represented by a 1-D implosion model.
Also, comparing and contrasting the synthetically generated spectrum with the experimentally
observed spectrum has the potential to validate the reliability of the simulation and identify
the model's strengths and weaknesses. The numerical simulations presented here to
characterize the dynamics of a radially imploding Z-pinch plasma are based on a one-
dimensional two temperature multi-zone non-LTE-radiation-magnetohydrodynamic model,
DZAPP, with a transmission line circuit model representing the driving generator. A thorough
discussion of the model is presented in reference 4.

The titanium model contains all the ground states and a manifold of excited states
distributed throughout the various ionization stages. Only the strongest lines, i.e., lines with
the largest oscillator strengths, were included in the simulation. Finally, except where noted,
the majority of numerical simulations were carried out using an atomic model that contained
over 300 spectral lines distributed throughout the K, L, and M shells. This assumption
represents a reasonable compromise between the atomic model and computational constraints,
particularly when the medium is opaque and radiation needs to be transported through the
plasma. The ionization dynamics and radiation transport are a strongly coupled interactive
system and must be solved together as demonstrated in ref. 5. The radiation transport of the
bound-bound and bound-free transitions is carried out using the probability of escape
formalism described by Apruzese.6 Multifrequency transport is used for the free-free
radiation.

Results
The current profile that results from driving the circuit with a changing load inductance is

shown on Fig. 1. The peak short circuit current is about 20 mega-amperes. The load in this
case is represented by a multiwire array of titanium wires with a total mass of 3240 jtgms, a
length of 2 cm and an initial array radius of 2 cm.

A snapshot view of the evolution of selected hydrodynamic parameters from the DZAPP
model is shown on Fig. 2 as a function of radius [(r) in cm] and time [in jisec] with a time
dependent collisional-radiative ionization dynamic model (referred to as GSO). The electron
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and ion temperatures are represented as E-Temp and I-Temp, respectively, and are measured
in eV. The density is in gm/cm 3 and the radiative cooling in kW/cm3. The "log-scale"
adjacent and to the right of each insert on the Figure quantifies the degree of shading. The
bounce occurs around 140 ns where the ion temperature is about 300 keV and the electron
temperature rises to about 20 keV in a highly localized region..

The ionization dynamic models used here to produce emission spectra are represented by
GSO, CRE and LTE for optically thick and thin simulations. All the simulations are self-
contained in the sense that for each ionization model a complete simulation was performed
rather than the post processing of a single hydrodynamic simulation. This produced slight
differences in the implosion times and minimum radius. All the simulations were integrated in
time until the plasma reached a final radius about 2.5 times the minimum implosion radius
which included the first bounce and subsequent re-expansion out to the terminated radius.
The total time integrated spectra produced from the GSO model will serve as our benchmark
simulation and is shown on Fig. 3. Some selected spectral lines are identified along with the
transition energy (keV) and radiated energy (kJ). The helium- and hydrogen-like resonance
lines account for about 15 % of the radiated K-shell energy. The calculated Total and K-shell
radiated energy emitted is presented in Table 1.

RADIATIVE YIELDS

Ionization Model Rad Transfer Total Yield (kJ) K-Shell Yield (kJ)

GSO THICK 988 131.5
CRE THICK 989 128.2
LTE THICK 599 163.7

GSO THIN 701 47.8
CRE THIN 678 50.2
LTE THIN 456 239.9

TABLE I

The THIN simulations are presented for comparison since the optically thin
approximation is often employed erroneously as a means of cooling the plasma by radiative
losses. Also, the THIN simulations undergo radiative collapse which drives the current down
at stagnation and limits the late time energy coupling to the pinch. As the plasma evolves the
opacity (which is a function of plasma conditions, pathlength, and oscillator strength) can
potentially influence the population of excited states and consequently the emitted radiation.
A comparison of the magnitude of the Total and K-shell thick radiative yield shows that the
CRE simulation is in excellent agreement with the GSO calculation. Table 1 also illustrates
that the LTE assumption, even with opacity, predicts a Total yield reduced by about 40% and
a K-shell yield higher by about 20% than the GSO model. As the density increases during
peak compression the GSO and CRE L-shell excited state populations should exhibit trends
toward LTE. However, the temperature remains to high and the density to low for the entire
plasma to go into LTE. The experimental observations for the 110 multiple wire Ti load (shot
Z88) produced a total yield of about 1 MJ and a K-shell yield of about 125 Id. The GSO and
CRE predictions of total and K-shell yield are in reasonably good agreement with the
observations. Just prior to the bounce the plasma showed signs of developing perturbations
reminiscent of the spike and bubble structure which is the trademark of the Rayleigh-Taylor
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instability. We can speculate that as the structure evolves it seeds "bright spots" and it is these
bright spots that are the origin of energetic photons lying beyond the K-shell. The radiation
originating from the plasma structures will be the topic of a forthcoming paper.

The total emission spectra are shown on Figs. 3-8 for the cases represented in Table 1.
Fig. 3 represents the GSO thick result and is considered the benchmark simulation for these
comparisons. The Figures provide an overview of the line spectra superimposed on the
continuum indicating the relative height and magnitude of each component and how each are
altered as the model varies. The global view of the line and continuum features reveals
differences both in the magnitude and shape of lines and continuum, especially between the
THIN and THICK simulations. Rather than point out the specific differences, it is left as an
exercise for the reader to conclude the obvious: that there are easily identifiable spectral
features that can be used to validate and benchmark one's model.

The question always arises whether the plasma exhibits trends toward LTE during its
evolution. One way of observing this trend is to follow the departure coefficients for selected
states. The departure coefficient is generally defined as the ratio of the population of a state
to the population it would have if the state were in LTE. The behavior of the departure
coefficients will be discussed at length in a forthcoming publication. We comment hiere that
for most of its history the plasma is definitely not in LTE. However, in the region of peak
radiated power, which occurs at x -= 0.1 cm and t =- 140 ns, the n_>2 levels of hydrogenlike
titanium are in LTE in a highly localized region. All the other levels shown are generally far
removed from LTE. This has major consequences both for the evolving dynamics as well as
the emission spectra for models assuming radiation diffusion with a blackbody source
function or Rosseland vWeighted opacities in conjunction with the Eddington approximation.
Usually, any agreement between numerical simulations based on these models and
experiment is purely fortuitous unless, of course, the plasma is a blackbody radiator in LTE.

The intent of this investigation was to: 1) generate and characterize the emission spectra
from an imploding multiwire Ti array plasma driven by the 20 MA Z accelerator, 2) compare
and contrast synthetically generated spectra for three different but standard models of the
ionization dynamics, and 3) use the synthetic spectra as a tool for validating the accuracy and
reliability of the numerical simulation model. These issues have been addressed and we have
concluded that the synthetically generated spectra can be used to benchmark and validate
various aspects of numerical simulations. The key to benchmarking and validating models
depends on obtaining reliable and reproducible measurements.
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INTRODUCTION

High-energy density physics uses the devices, allowing to input high energy into the
substance for a short time period. Maximum power and energy density are obtained in laser
devices. However the progress, achieved during the last few years in the development of
electrophysical devices with inductive energy storage and generation of soft x-ray radiation
(SXR) in the devices of z-pinch type [1] opens the perspective of creation of more compact
and cheap energy systems for investigations in the field of high-energy density physics and
simulation of thermonuclear compression processes.

This paper describes the concept and realization principles of the project of explosive
electrophysical complex EMIR for generation of pulsed fluxes of soft x-ray radiation.
Complex EMIR is based on the developed in VNIIEF technologies of high-power flux
compression generators (FCG) and transforming systems on the basis of lines with distributed
parameters and current opening switches. Vacuum lines with magnetic insulation or water
coaxial lines are considered for energy pulses transmitting to the load. Transformation of the
magnetic energy to the kinetic one, thermalization and SXR radiation are performed in
z-pinch with double liner system.

CONCEPTION AND METHODS OF COMPLEX REALIZATION

Complex EMIR is based on the module principle. Block scheme is presented in Fig. 1.

Complex EMIR module

3 5 U'IFf~ 6

>7

Fig. 1. Block scheme of the complex EMIR.
1 - helical FCG, 2 - disk FCG, 3 - cable line, 4 - transforming device,

5 - transmission line, 6 - summator, 7 - load.

-83-



Disk FCG. Multi-element disk FCG (DFCG) is a power base of the complex. It is
powered with preamplifier 1. Current pulse from the DFCG with the cable line 3 is
transmitted to the device 4 for voltage increasing and fore front reduction. Transformed pulse
is transmitted with the line 5 to the summator 6, combining all complex EMIR modules for
energy pulse formation on the load 7.

Fig.2 shows the draft of the disk FCG with cable energy output. This generator
(DFCG-240) contains 20 serially connected elements with HE-charges of 240 mm diameter.
Its calculation was made with the software [2], which was tested according to the earlier
performed experiments. According to the calculations, at initial powering of -7 MA
DFCG-240 provides in the load of 20 nH the current of -40 MA with the characteristic rise
time less than 4 pts [3].

HE-charge Copper shell Cable

I, i :) I : :/.:' :;iS i;

- !- i-I ~Il- 'iI :iIrI i i I
I /i /I l : .

S..... !/ ,

Fig.2. Disk FCG.

Transforming system. Transforming system of the complex EMIR is based on the linear
inductive accelerator (LIA) scheme with inductors on the short-circuit lines with distributed
parameters [4,5]. The scheme of LIA on the basis of the short-circuit line is presented in Fig.3.
The key element of this scheme is an opening switch. Its operating time should be less than
the run time of the electromagnetic wave along the short-circuit line and the final resistance
Rk should be greater than the line wave resistance P0. Plasma-erosion opening switches meet
this requirements. Their analysis was made based on experimental results, obtained earlier in
VNIIEF [6] and other laboratories.

Homogeneous radial lines with the external diameter D = 300 cm and internal one
d = 100 cm are used in the complex EMIR transformer (Fig.4). The base transformer module
will consist of 5 inductors with full inductance of •20 nH. DFCG-240 provides the initial
current 10 = 8 MA in the short-circuit inductor line. The value of the output voltage of one
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Fig.3. Inductor LIA on the basis of short-circuit radial line.
1 - short-circuit radial line, 2 - transmission radial line, 3,4 - energy supply

from external source, S - opening switch.

inductor at Rk = 2 Q, P0 =_ 0.67 Q and transmission line resistance Pl =_ 1 Q is -2 MV, and
voltage pulse, formed by 5 inductors on the load Zo = 5p, _= 5 Q will reach -10 MV. Pulse
duration in the transformer with water isolator of 3 m diameter will be -120 ns.

4i

1 2

Fig.4. Scheme of base module EMIR inductor.*
1,2 - short-circuit line, 3 - transmission line, 4,5 -energy supply

from DFCG, S - opening switch.
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Transmission line. Vacuum or water transmission lines are proposed to use for energy
transmission from the transformer to the summator and the load.

To connect vacuum transmission line to the inductors on the short-circuit lines with
water dielectric it is necessary to create insulators, separating vacuum volume and deionized
water. Electric field intensity on the insulator surface will be -10 MV/m. The confinement of
such fields nowadays is a rather complicated technical problem.

At the application of water transmission line the crucial problem is the creation of output
insulator construction with surface electric strength of 10-20 MV/m. However, small pulse
duration (-120 ns) and magnetic self-insulation gives the hope on realization of such
construction.

Summator. Energy pulses, formed by base modules, are transported to the radial
(biconical) line with the load in the center. Depending on the experimental conditions, the
number of the base modules could be changed. According to this, the wave resistance of the
summator line is also changed. It should be equal to Zo/n, where Zo - transmission line wave
resistance, n - module number.

In particular, at the considered parameters of the base modules the realization of the
wave resistance of the radial summator line of -0,1 Q requires the parallel operation of 48
modules.

ESTIMATION OF SXR CHARACTERISTICS

Principal scheme of the device, forming SXR, is presented in Fig.5. Energy supply
system, consisting of direct 1 and reverse 2 current conductors, provides powering of the
external liner 3. External liner kinetic energy, acquired at the interaction with the magnetic
field, is transmitted to the internal liner 4 in the result of a blow. Appearing in the result of the
internal liner collapse SXR goes through the window 5 to the spherical cavity 6 with the
thermonuclear target.

,X-rays

b6

Fig.5. Scheme of the plasma element, forming SXR.
1 - supplying current conductor, 2 - reverse current conductor, 3 - external liner,

4 - internal liner, 5 - radiation output window, 6 - spherical cavity.
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External liner is made of heavy metal (e.g. tungsten), and internal one is made of light
material to provide great radiation runs along the axis. Linear masses m of the liners as equal.
The scheme is approved on the Angara-5 device [7] at electromagnetic energy of -1 MJ.

Liner parameters at the moment of thermalization start were determined from semi-
empiric model [8]. In the considered conditions it was obtained

mr20.-Ix~t 0.(2e) -- •0.23; Arz0.05ro,(1
4c RO 90to

where ro - initial radius of the external liner, 90, Ar - liner velocity and width at the moment
of thermalization beginning. Numerical estimations correspond to the voltage pulse of
Uo = 10 MV, wave resistance R6 = 0.1 Q, pulse duration to = 100 ns.

Hydrodynamical equations were solved to determine SXR parameters

dp -p
- pdiv(u),

dt

du 1
= -- grad(P), (2)

dt p
dE Pd _ div(u)+ J X.oa(Ipc -10))do)dQdt p

in combination with the equation of radiation transfer

aI -1 X IOS f
- t- +CsVI +X IC(L) = Z aIp(f + 4.t JIddQ, (3)

in 2D-geometry. In the equations (2), (3): p, u, P, E - density, velocity, pressure and specific
internal energy; IoC - radiation intensity with the frequency co; 1p. - equilibrium radiation

intensity with the frequency co; s -single vector in the direction of photon movement;
XO) = X(Oa + X(Os - spectral coefficients of absorption and dispersion.

Equations of state P=P(p,T), E=E(p,T) were used in the approximation of Tomas-Fermi
[9]. Brake absorption, photoionization, absorption in the lines [10] are considered in
X.(p,T,jo).

Numerical investigations showed, that the maximum intensity of the coming into the
cavity SXR are reached at 40 =- 7.107 cm/s, position of the internal boundary of the liner
r in =-0.2.r 0, liner system length (at m _= 0.035 g/cm, r0 = 1.7 cm) 1 1.5 cm. Time dependence
on SXR intensity and radiation temperature in the cavity ofV 1 cm3 volume are presented in
the Figs.6,7.

Calculation energy balance: supplied electromagnetic energy Wk = 85 MJ; liner kinetic
energy Ek =- 17 MJ; energy of the radiation, coming into the cavity Ev 1.7 MJ
(Ev 0.0 2 .Wk).
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Fig.6. Time dependence on radiation Fig.7. Time dependence on radiation
intensity (Sm 0.5 MJ/ns). temperature in the cavity (Tm 0.3 keV).
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INTRODUCTION
The progress of the development of the powerful pulsed power generators and the

last achievements in the technique of the focused heavy ions opens new possibilities for
the studies in the high energy density physics: extremal states of the matter, equation of
states, heat and mass transport and so on. In the last years on the PBFA-Z the hot dense
plasma with temperatures more than hundred electronvolts and radiation fluxes of some
hundreds terrawatts was' obtained. This means that the physical processes which will take
place in the National Ignition Facility experiment could be well studied on the Z-pinch
installations [1]

ANGARA-5-1 Z-pinch facility produces plasma with temperatures up to 80 eV and
the radiation flux up to 5 TW/cm2 . The definite attention is paid on the studies of the
interaction of the powerful radiation with different substances. The experiments with the
targets with normal density allow to study formation and propagation of the shock waves,
to accelerate thin foils and in accompany with the numerical modelling to investigate the
thermodynamical and hydrodynamical properties of the matters. The experiments with the
ultralow density targets allow to study heat waves and give information about the transport
phenomena and optical characteristics of the foams.

Inherent for heavy ions is the volume energy deposition by focusing of intense ion
beam on the targets. Upgrade programs of accelerator facilities at ITEP-Moscow and GSI-
Darmstadt are aiming at production of hot, strongly compressed matter with extremely
high energy density levels (more than 1MJ/g) capable to generate an uniform well-
characterised intense shock waves in solids and plasmas required for thermodynamic
measurements in 10-100 Mbar pressure region.

ANGARA-5-1 Z-PINCH
Angara-5-1 is eight modules high power generator with current up to 5.5 MA and

current raise time equal to 90 ns. The load compressed by current magnetic field is used to
produce nanosecond raise time pulse of soft X-ray emission to irradiate the samples. The
,sample is placed near load at distance about several millimeters. The double liner scheme
was used as the generator load [2]. The double liner loads consist on Xe supersonic jet
with Mach number 5-6 (outer liner) and Agar-Agar dopped Mo cylinder-inner liner. Mass
of both liners was 150-300 mkg. Height was-equal to 1 cm.
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EXPERIMENTS OF THE SHOCK WAVE EXCITATION ON ANGARA-5-1
An important question in investigations of this kind is the degree 'of spatial

homogeneity of the irradiated region [3]. Under our conditions, the theoretical calculations
predict an inhomogeneity of order 3% on the 4 mm (liner diameter), which is due to the
geometry of experiment. Direct estimations of the inhomogeneity one can get from the
time of the shock wave coming on the free surface of the targets (shock wave front
inhomogeneity). The radiation inhomogeneity can be estimated as

C=Aq/q = At/t *{ 2/ aln P/ a In q}
where At/t is the time difference and the factor (2/ aln P/ a In q} takes into account the
dependence of the pressure in matter P induced by the radiation flux q. These estimations
from streak camera records (see fig.1) give the value about 3-4% , what is close to
geometrical inhomogeneity [4].

Fig. 1. Streak camera records (positive)
. of shock break out from sample obtained in

ANGARA-5-1 experiments • left-plane
target:lead- 1 80mkm; right-stepped target:
tin- 16mkm, lead-180mkm. Between
bench-marks - 13 ns

5mm 5mm

The results of the shock wave experiments and theory are shown in Fig. 2. The
averaged (over the target volume) shock wave velocity for Al plus Pb stepped target is
(7.3±0.6) km/s for 80mkm Pb thickness, and (4.6±0.3) km/s for 200mkm. In accordance
with the Huguenot lead adiabate this means that the shock compression pressures are 3
Mbar and 0.9 Mbar correspondingly'[5]. In stepped tin plus lead target shock compression
of lead (thickness 18Fmkm) about 1.2 Mbar was measured.

Fig.2 Position of shock front for stepped

target (aluminium 16 mkm, lead up to

200mkm). The power level is

1.2TW/cm2 .

Ut Solid line - numerical calculations [6].
0 10 24) 3L .4 50

TIME, ns

THIN FOILS ACCELERATION ON THE ANGARA-5-1

The radiation of the plasma-with the temperature about 100 eV can be effectively

used for the acceleration of the thin plates (flyers) and for the following study of the

equation of states (EOS) of the matters under the intensive pulse actions. Under these

conditions, the parameters of the extreme stations are higher than at the direct samples

irradiation. The installations with the Z-pinch plasmas as sources of the soft x-ray radiation

allow to irradiate samples with the high space uniformity and, consequently, to use the

flyers with the more big sizes. Because of the pulse duration in these experiments is
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substantially more than in laser ones it is possible to increase the thickness of the flyers

and to avoid their substance preheating and to do the measurements more reliable.

For the good acceleration it is necessary that all the SXR energy to be absorbed. For
the most reliable registration of the shock wave parameters the detection time is to be tens
of nanoseconds. And, consequently, the thickness of the flyer is to be tens of micrometers.
The distance from the flyer to target is to be chosen such as the flyer to be without
mechanical loads (to be decompressed), from the other hand the flyer should be stable.

SI1=I TW'/cm2

AL foil 50mkm 
"20ns N

J=0dm -24 nin

S xr ~~~substance4 0fll

indicator

100 mkm

0

0 10 20 30 40 50 60

2"lTir, mS

Fig.3 Shot #2953. Soft x-ray power on target 0.5 TW/cm2 . Simulations show axial mass
velocity evolution for several points on the Al target depth

Fig.3 presents the ekperimental scheme of the flyer acceleration used in shot #2953 : the
.52 mkm aluminium flyer accelerated by x-ray radiation knocked on stepped indicator
target (mylar, step size 50mkm). The SFER streak camera record and results of numerical
modelling are shown. The estimated flyer velocity was 4-5 km/s what is roughly close to
value predicted in calculations.

SUPERSONIC HEAT WAVE IN LOW DENSITY FOAMS GENERATED
BY SOFT X-RADIATION FROM A Z-PINCH PLASMA ON ANGARA-5-1
The study of the propagation of the heat waves generated in the low density

condensed matters by the intensive soft x-ray flux is of importance for many fields such as
inertial confinement fusion, x-ray lasers, and astrophysics.

On the ANGARA-5-1 the experiments with foam targets in the density range 5-
50mg/cm 3 and a thickness up to some millimeters were carried out. The radiation with
intensity about 1 TW/cm2 was incident on the planar target, which was positioned under
the liner. The targets were made of agar-agar (-C 12H180 9)n or aerogel (Si0 2).

Shot target Density, intensity, Thickness, Breakout Calculated
m/cm3  1012 W/cm 2  mm time, ns breakout

time , ns
2967 agar 10 1.0" 1 11 11

2 31 27
2970 agar 20 0.85 1 26 22

2 43 42
2981 agar 20 0.6 1 11

aerogel 50 2 61
2982 agar 5 0.25 1 15 10

2. 27 33
2983 aerogel 50 0.55 7.5 163
2.989 aerogel 50 1.0 15 365
2992 aerogel 50 1.1 2.6 32
2996 aerogel 50 0.17 3.6 91

2999 agar 20 0.3 1. .7 39 26
_ _2.7 55 43
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Table presents experimental and calculated results, the simulations were carried out by
using code MULTI radiative hydrocode [7]. Fig.4 presents thermal wave front position
versus time for the experiment #2967.

T,ns

Fig.4 Thermal wave front position for
30 experiment #2967 : agar-agar, density

10mg/cm3 , x-ray intensity 1TW/cm2 ,
stepped target 1mm and 2mm. Squares -

20 experiment. Solid curve - code MULTI.
The radiative opacities and emmisivities
were calculated 'in local thermal

10 X,mm equilibrium by using the SNOP atomic
physics code [8,9].

II I I

0 0.5 1.0 1.5 2.0

The agreement between theory and experiment is within a factor 1.5. The deviations are
attributed to uncertainties in the measured x-ray intensity (about 30%) and also due to
several approximations in calculations concerning the spectral and temporal dependence of
the drive pulse. Nevertheless, the results demonstrate that the experimental technique is
well suited to study radiation hydrodynamics and opacities of hot dense plasma.

HEAVY ION BEAMS RESEARCH
Basic research in the field of plasma physics with heavy ion beams is motivated as

follows:
* heavy ion beams are excellent tools for the generation of dense plasmas - plasmas with
solid state density - because they deposit their energy in matter along their path in a well
understood manner and by direct and rather homogeneous heating of an extended volume.
Thus, they open new opportunities for the study of dense plasmas and allow experiments
with improved or complementary techniques.
* for inertial confinement fusion (ICF) the heavy ion accelerator is obviously the superior
choice for a reactor driver because of its high efficiency and excellent repetition rate.
Consequently, it is the interaction of heavy ion beams with dense plasmas and the
hydrodynamic and radioactive properties of beam heated target matter that need to be
investigated. This includes the development of new diagnostic techniques and the design
of appropriate heavy ion targets.

There are two accelerator facilities in process of upgrading to higher intensities:
ITEP-TWAC facility at ITEP-Moscow and UNILAC-SIS-18 at GSI-Darmstadt, which
could contribute to a great number of problems as the most advanced accelerator facilities
with high-power heavy ion beams.

With heavy ion beams, research in this field has been carried out in recent years
using the available low intensities at the GSI accelerator facilities with heavy ion beams
ranging from a few keV/u up to several hundred MeV/u, mainly with externally heated
plasma targets. After completion of the injector upgrade now under construction and a new
powerful rf-buncher, target temperatures of up to 10 eV will be obtained at GSI in the very
near future. With this upgrade the intensity for beams of very heavy ions will be increased
by about a factor of 100 which will open the investigation of hydrodynamic phenomena of
dense plasmas.
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The expected output parameters of ITEP-TWAC facility are: the energy on target
is 100 kJ in 100 ns, or -1 TW of the beam power. The specific deposition power is - 10
TW/g, in a spot radius of 500 microns. The temperature reached in a solid Au target is
calculated to be up to 40 eV.

The investigation of the interaction process of ion beams with dense plasma is one
of the key issues of physics of inertial confinement fusion driven by heavy ion beams.
Experiments carried out in Russia (at ITEP-Moscow), in Germany(at GSI-Darmstadt) and
in France (at IPN-Orsay) with the discharge plasma up to the electron densities -1019 cm"3

show on a considerable contribution of free electrons to the process of beam-plasma
interaction. With the increasing of plasma density influence of the effect of Coulomb
coupling are expected to be of great importance. Shock wave technique makes it possible
to produce plasma with electron densities up to 1022 cm-3. For this goal small-size linear
and cumulative explosive driven plasma generators which yields velocities of shock front
about 6-20 km/s whereas amount of high explosive does not exceed 30-150g have been
developed (fig.5).

H beam
• . -Gas

ntHigh explosive

Pln eo ation Dnca Secoldil

pro glasstb

Fig 5. Cumulation explosively driven shock tube.

Detonation products in this device push metal impactor that shapes flat front in
investigated gas. Glass tube remains immobile during the time of about 1 ýts in passage of
plasma through the channel. Plasma slug of cylindrical form with diameter from 0.5 to
2cm and thickness of lcm is created. This plasma object exists about several microseconds
that is enough to carry out measurements with ion beams. To protect all the accelerator
equipment from'the explosion products, plasma generator is placed into special compact
vacuum pumped (up to 10-2 torr) steel chamber with the diameter of 80cm, which allows
to apply charges up to 150g of TNT. This chamber is special designed for the ion beam
experiments and provides complete matching with beam line and other experimental
diagnostic devices. Differential pumping was provided to be sufficient for insulation of the
deep vacuum beam line from low vacuum explosive chamber. To protect beam line from
the moving detonation products fast valves ware used. They were closed before the
moment when explosive products impact the chamber walls.

The proton energy losses were analyzed by using a dipole magnet with a deflection
angle of 480 over a radius, of 707 mm. The image of the proton beam in the perpendicular
to the beam axis was registered by using a microchannel analyzer consisting of a
microchannel plate (MCP) and a phosphor screen mounted on a fiber optic disk. The spot
image of the proton beam on the screen of the microchannel analyzer was tracked by a
charge-coupled-device (CCD) camera (fig.6). Plasma temperature and shock velocity in
every explosive experiment was measured. First shots with weakly nonideal xenon plasma
(with low initial gas pressure) show good agreement with theoretical predication.
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Fig 6. Energy distribution and image of 3-MeV proton beam in the beam - explosively
plasma interaction experiment (Po -- 0. 1 bar)

CONCLUSION.
The results of the investigations showed that a Z-pinch plasma is a promising

source for the high energy density physics studies. The greater duration of the radiation
pulse together with high space homogeneity of the irradiation flux compared with
conversion of laser r~diation into x-rays makes it possible to increase the target thickness
and, thus, significantly reduce the effect of sample preheating, which distorts the
hydro~dynamical picture of the process.

The set of parameters of the ITEP-TWAC facility opens opportunity for:•
9 experiments addressing some fundamental issues in the physics of dense plasmas like
EOS, thermodynamics of strongly compressed matter, plasma phase transitions etc. and
9 experiments related to the physics of HIF targets, especially cylindrical targets with
magnetized fuel.
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INTRODUCTION

Efficient production of soft x-rays (1 to 5 keV) has been achieved in many laboratories
using z-pinch plasma radiation sources (PRS). Typically, the pulsed power generators that
drive the PRS loads produce multi-mega-ampere currents with an implosion (conduction)
time less than 100 ns. Empirical and theoretical scaling laws indicate that the x-ray yield
increases rapidly with current (scaling as 14 at lower current and 12 at higher current) [1]..

Increasing the current to ever higher levels, with a constant implosion time, would
require generators with ever higher voltages and powers, with substantially increased cost,
complexity and risk.

We are pursuing an alternative approach: to increase the conduction time of the PRS load
before implosion. Maintaining the same x-ray yield requires that the long-implosion-time PRS
achieve a temperature and density comparable to that achieved with the 100 ns-implosion-
time PRS. Maintaining the temperature requires that the initial radius increase proportionately
with implosion time (r0 oc timp) to give the same value of rl* (the ratio of JxB work per ion to

the internal energy Emin when ionized to the K-shell [2]). This leaves the mass unchanged

[m oc (Itimplroy]. Since the final plasma radius must be maintained constant to maintain the

* Work Supported by the Defense Special Weapons Agency
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plasma density, the compression ratio must scale with the implosion time (ro/rf X limp). This

increases the number of linear e-foldings for the MHD-Rayleigh-Taylor (MRT) instability to

disrupt the implosion (rintimp o 4 ). Furthermore, the lower initial density (no 0C ro2 )

may produce non-uniform initiation that seeds the MRT instability.
To overcome these potential risks, we will be investigating the application of advanced

PRS loads. In this paper we will discuss our experiments with a "solid fill" gas puff, which
should experience "snowplow stabilization" of the MRT instability [3] (as compared to the
annular shells typically employed). In the future, we plan to field a gas puff producing nested
annular shells [4].

The immediate application for this work is at the DECADE Quad facility, currently under
construction with initial operation expected in late 1999. In its initial configuration, DQ will
be four independent modules employing inductive energy storage and opening switch pulse
compression, producing bremsstrahlung radiation. There is a proposal to modify it with a
convolute so that the four modules drive a common PRS load with a current risetime of 300
ns and a peak current of approximately 10 MA. X-ray yields of >100 kJ may be possible for
an argon load that successfully uses the full DQ capability.

LONG IMPLOSION TIME EXPERIMENTS

Figure 1 shows the gas puff nozzle we employed for this research. It has a 7 cm ID with
a central stub that tapersto 1 cm diameter. (The stub protects the puff valve and reduces the
required nozzle length.) The anode is a wire mesh, 4 cm from the nozzle, with 12 current
return posts on a 15 cm diameter. Twelve notches in the nozzle allow wires to be strung
across it, creating an equipotential and a current path for the imploding load.

Figure 1. 7 cm solid fill gas puff nozzle.

Measurements of the gas column created by this nozzle are shown in Figure 2. The
density minimum on axis, caused by the center stub, has a minimal effect on the mass loading
and is predicted to have minimal effect on the implosion dynamics.
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Figure 2. Gas density at three axial locations measured 150 jts after the onset of gas flow
(the time the discharge is typically fired).

To ionize the argon before the discharge, flash cards were sometimes used. On DM2, the
flash cards were configured in a ring for uniform UV illumination of the argon [5]; on Saturn,
flash cards were placed on two points outside the current return cage, 900 apart.

We report on the results of experiments carried out at the DECADE Module 2 (DM2)
facility at Maxwell Physics International and the Saturn facility at Sandia National
Laboratories. At DM2, additional experiments with argon in a 10 cm diameter nozzle and
with neon in the 7 cm nozzle were performed.

DM2 Results

We have produced 300 ns implosions, at a peak of 2.3 MA, on DM2, as shown in Figure
3, using a 7 cm diameter argon gas puff, yielding 1.7 kJ from the argon K-shell. Figure 4
presents the K-shell x-ray yields from a series of similar shots, with varying mass loads, with
and without the nozzle wires described above and with and without preionization.
Recognizing the spread in the results, but looking at the envelope of the data points, we see
that neither the nozzle wires nor preionization is absolutely necessary for obtaining peak
performance, but that each of them is useful, in a statistical sense, for making a good shot
more probable.
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Figure 3. Current and X-ray signal for a 300 ns implosion on DM2.00
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Figure 4. Yield vs. implosion time for a series of DM2 experiments. The dashed curve
indicates the envelope of best results.

As discussed above, the anticipated limitation to achieving a good pinch was the
Rayleigh-Taylor instability. To determine the uniformity of the final pinch, we used a time-
resolved pin-hole camera, sensitive to x-ray energy >3 keV. A series of four images, each

separated by 10 ns, is shown in Figure 5. Clearly, as seen in the first frame, the pinch
assembles well with no macroscopic disruptions, but breaks up in a non-uniform way,
suggesting sausage or kink MHD instabilities.
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Nozzle End

Anode End
Figure 5. Four K-shell images (10 ns interframe time) of DM2 pinch.

The initiation phase of the pinch was also monitored with time-resolved cameras in both
the visible and the XUV (z 200 eV). As seen in Figure 6, axial filaments, consistent with the
twelve-fold symmetry of the wire meshes at the anode and the nozzle, are often observed.
They are more prominent on those shots with nozzle wires. The azimuthal asymmetry they
provide may mitigate the m=0 Rayleigh-Taylor instability [6].

nozzle anode
exi

current
return
posts <

current p

return Pho
posts

Channels

Figure 6. Four optical (21 ns interframe time) and XUV (40 ns interframe time) images of
the initial phase of the pinch on DM2.

Spectroscopic analysis of the discharges, using a 2% CF2C12 dopant in the argon to
provide optically thin Cl lines, indicate an electron temperature and density of 0.84 keV and
4.0 x 1020 cm-3 , respectively, and an ion energy of 6.9 keV. The value ofrl* was 1.1, which is
marginal for good x-ray production.

In an attempt to achieve higher il*, and higher electron temperature, we replaced the 7 cm
nozzle with a 10 cm nozzle of similar design. The load mass was reduced to provide the same
300 ns implosion time. While this did result in a higher electron temperature and ion energy
(0.95 keV and 16.6 keV, respectively), the pinch was unstable andaxially non-uniform. The
peak yield was 1.2 kJ. We believe that the Rayleigh-Taylor instability was exacerbated by
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inhomogeneous initiation in the lower initial gas density and by the additional e-foldings
possible with the larger initial diameter.

To achieve higher i1* with the 7 cm nozzle, we performed a few experiments using a
neon gas puff, which has a much lower Emin than argon. The x-ray yield was 13 kJ.

Saturn Results

For these tests, Saturn was configured for long-pulse operation by shorting out the water
switches. We took a series of argon shots with the 7 cm nozzle at peak currents of 5.0 to 6.5
MA and implosion times of 160 - 200 ns, producing up to 18 kJ of K-shell radiation. The
resultant yields are summarized in Figure 7.
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Figure 7. Yield vs. implosion time for the 7 cm argon gas puff shots on Saturn.

The importance of the nozzle wires is evident: they produced approximately a doubling
of the K-shell yield. The use of preionization had no effect on the yield. (As discussed above,
the preionization was extremely non-uniform.)

As on DM2, the K-shell images, as shown in Figure 8, demonstrate that the pinch
assembled stably, without macroscopic disruptions due to Rayleigh-Taylor instabilities.

Nozzle End

Anode End

Figure 8. Eight K-shell images (3 ns interframe time) of Saturn pinch. (The second frame is
blank due to a dead strip in the camera.)

Using the optically thin Cl lines from the dopant, the measured electron temperature and
density were 1.16 keV and 8.8 x 1020 cm 3 , respectively, and the ion energy was 12.1 keV. q"1*
was 1.5.

-100-



SUMMARY

We have created large diameter, long implosion time, PRS loads that produce a stable
pinch and a narrow x-ray pulse. Operation scaled successfully with current from 2 MA on
DM2 to 6 MA on Saturn. The K-shell yields are comparable to those produced by short-pulse
operation at a similar current. This approach, therefore, allows substantial savings to be
realized in the pulsed-power driver cost, complexity and risk.
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METALLIC MATERIALS PROCESSING WITH INTENSE PULSED
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Abstract. The paper reviews the results of studies of the mechanisms for modification of the structure and
properties of metals and alloys with intense pulsed electron beams over wide ranges of beam parameters (10-103
keV, 0.02-300 /s, 1-2000 J/cm2). For pure metals (Fe and Cu) and Fe-C alloys used as examples, it has been
demonstrated that increasing the amount and input rate of the energy delivered to a target allows various condi-
tions for the formation of the beam-affected zone to be realized: from.fast melt quenching to shock-wave loading.
This makes it possible to produce various nonequilibrium structure-phase states, including nanocrystalline and
shock-wave induced structures. It has been shown that low-energy, high-current electron beams are most conven-
ient for the study of microstructural processes at pulsed melting. The sources of this type of beams are most suit-
able for the surface treatment of articles made of constructional and tool alloys aimed at improving their perform-
ance.

1. INTRODUCTION

In the last few decades, new techniques for surface modification of metallic materials have
been developed, which are based on using intense pulsed laser [1], electron [2-4], ion [5,6],
and plasma [7] beams. These beams induce superfast heating, melting, and evaporation, su-
perfast solidification as 'well as stress waves or shock waves. These effects offer the possibil-
ity, on the one hand, to investigate nonequilibrium structure-phase transformations and, on
the other hand, to solve applied problems related to surface treatment of materials.

Intense pulsed electron beams (PEBs) have a number of important advantages over other
types of beam, the main of which is that it is possible to readily vary the penetration depth of
electrons by varying their energy. We pioneered the study of the action of PEBs on metals in
the mid-70's [8]. In 80's, a series of investigations have been performed by Follstaedt [9] and
Demidov [2]. These studies were performed with limited number of materials over compara-
tively narrow ranges of beam parameters. Therefore, some important features of the forma-
tion of the beam-affected zone remained unknown.

The paper reviews the results of studies of the features and mechanisms of PEB modifica-
tion of the structure and properties for a broad spectrum of metallic materials. Owing to the
use of a series of PEB sources created at the Insitute of High Current Electronics (Tomsk), the
experiments could be carried out for wide ranges of parameters, namely, the electron energy E
= 101-03 keV, the pulse duration t = 0.02-300 jis, the energy density E., = 1-2000 J/cm 2, and
the power density W, = 105-1011 W/cm 2. This allowed a target variation of the conditions and
mechanisms for the formation of the beam-affected zone: from fast melt quenching to shock-
wave loading. The potentialities of using PEBs for surface treatment are discussed as well.

2. CONDITIONS FOR THE FORMATION OF THE BEAM-AFFECTED ZONE

As a result of the absorption of the beam energy in the surface layer of the target, a beam-
affected zone is formed which can be subdivided by convention into a heat-affected zone
(HAZ) and a zone affected by the stress wave generated on pulsed heating. We determined
the temperature field characteristics and the parameters of the stress wave at moderate power
densities (106-101 W/cm2) by solving numerically a set of.uncoupled one-dimensional equa-
tions of thermoelasticity [10, 11]. For modes with evaporation, the amplitude of the stress
wave (shock wave) was estimated from the specific absorbed energy and using the data avail-
able in the literature [12]. The experiments and the calculations have shown that for Fe within
the PEB parameter range under investigation the melt thickness is 10-i_10-2 cm, the HAZthickness is 10-'-10-2 cm, the maximum values of the melt quenching rate and of the crystal-
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lization front velocity achievable at the surface are 1010 C/s and about 5 m/s, respectively, and

the maximum amplitude of the shock wave is about 50 GPa.

3. SURFACE MODIFICATION OF PURE METALS

Let us consider the effect of irradiation on the microstructure of pure metals with increas-
ing the energy density and the rate of energy delivery to a target.

On irradiation of a pure Fe with a low-energy, high-current electron beam (LEHCEB) in a
premelting mode (-20 keV, 0.8 jts, 2 J/cm2) an extended (-100 jim) depth-graded dislocation
and grain structure is formed [13]. This is due to the nonuniformity of plastic deformation re-
sulting from the existence of a gradient of the compressive quasi-static stresses (cy < 400 MPa)
acting on irradiation and due to the following recrystallization processes caused by the heat
propagation into the material bulk. After completion of the pulse, residual tensile stresses are
formed in the surface layer, whose intensity is about an order of magnitude lower than that of
the stresses acting during irradiation [14].

As the melting threshold of iron (-2.5 J/cm 2) is achieved, layers of increased microhard-
ness having a thickness of -1-2 mim, are formed as a result of fast melt quenching (-10'°
C/s). It has been established that the vacancy-type defect density in the near-surface layer in-
creases. As the melt thickness increases and the crystallization process correspondingly slows
down, the defectness level becomes lower, which can be related to the epytaxial crystalliza-
tion occurring on the polycrystalline substrate [15].

In an experiment on the action of an LEHCEB with T - 50 ns on recrystallized copper it
has been established [8] that plastic deformation of the surface layer occurs as well on irra-
diation in premelting modes (-0.5 J/cm 2, -10 7 W/cm 2); however, twinning is observed along
with conventional slipping. The presence of twins is direct evidence of fast loading. The am-
plitude of the bipolar stress wave at which twinning takes place is -200 MPa. This is about
two orders of magnitude lower than that realized on high-speed impact [16]. The more pro-
nounced tendency to twinning on pulsed heating may be related to the sign-varying character
of the loading. As the melting threshold is achieved, despite the high quenching rate, the dis-
location density decreases substantially. This correlated with the above data obtained for iron.

With W, _> 108 W/cm 2 (-250 keV, -_10-7 S), the bipolar wave amplitude increases to -2 GPa
and the role of the wave in the formation of the microstructure becomes more pronounced
[17]. Using Fe and Cu targets as examples, it has been established that on irradiation in these
modes a depth-graded structure is formed that has two characteristic maxima of vacancy den-
sity: one at the surface and other at the depth -30 jim [18]. From calculations it follows that
the first maximum is formed as a result of melt quenching. The second maximum is located
beyond the HAZ at that depth where the compressive pulse amplitude reaches the dynamic
yield limit in the process of formation of a stress wave [ 19].

4. PRODUCTION OF HARDENED LAYERS IN CARBON STEELS

The character and degree of hardening of carbon steels depends on the original state of the
material and on the PEB parameters. For Steel 45 (0.45% C) as an example, irradiated with a
low-energy PEB in surface melting modes, it has been established that with r _> 10- 5 s and W,
= 10 -10 W/cm2 a thermal (quenching) mechanism of the surface hardening is realized. The
maximum hardening is attained for previously quenched steels [12, 20].

As the pulse duration is decreased to -1 jts (LEHCEB action), the character of hardening
changes abruptly. In this case, an extended (-200 jtm) hardened zone is formed with two mi-
crohardness maxima (Fig. 1,a), and on repeated irradiation the microhardness reaches abnor-
mally high values (H, -1600 kg/mm 2). No hardening occurs at the surface [21].

As the number of pulses is increased, the y-phase is accumulated in the HAZ (-15 jtm),
which is related to the increase in carbon concentration. Layer-by-layer transmission electron
microscopy (TEM) has shown that a depth-graded structure is formed in the HAZ, such that a
thin (-0.2 jtm) near-surface layer quenched from melt contains a nanocrystalline structure
consisting of grains of cc- and y-phases and not involving martensite crystals (Fig. 1,b). This
correlates with the observation that the melt quenching rate and the crystallization front ve-
locity reach their maxima (- 1010 C/s and -5 m/s, respectively) at the surface [21].
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Fig 1. Microhardness profiles (a) and a TEM dark-field image (reflex of [11001 a-Fe) and a diffraction pattern
of the near-surface layer (b) for prequenched steel 45 irradiated by an LEHCEB (2.5 J/cm 2, 0.7 pts).

It has been established that on quenching from liquid state, martensitic transformation is
realized only if the thickness of the molten layer is over a critical value equal to -5x10-4 cm.
This is related to the existence of a minimum critical size of the original phase grain (-10-4
cm) necessary for nucleation of martensite crystals [20].

In the maximum microhardness regions lying beyond the HAZ, fragmentation and twin-
ning of the original martensite crystals, an increase in long-range stresses, and segregation of
dispersed particles of cementite are observed. The greatest contribution to the increase in mi-
crohardness is associated with grain-boundary hardening (fragmentation of martensite) and
dispersion hardening (segregation of cementite) [21]. The experiments have shown that the
formation of hardened layers is due to the action on martensite of cyclic bipolar low-
amplitude waves [12, 22]. We believe that the dominant role here is played by the carbon pre-
sent in the original marqensite structure. As distinct from the original ferritic-pearlitic struc-
ture, martensite contains carbon in a weakly bound state (mainly, at vacancies and disloca-
tions).Therefore, even at low amplitudes of the stress wave, the carbon in martensite is prone
to diffusion, accumulation at certain sites, and formation of dispersed cementite.

With increasing E and W, the contribution of stress waves to the formation of hardened
layers becomes more substantial. This is most pronounced for thin (0.6 mm) targets prepared
from prequenched Steel UlGA (1% C) irradiated with an HCEB (350 keV, 40 ns, -109
W/cm). In this case, along with the near-surface hardened layer (due to quenching from high
temperatures), two layers located at the face and rear surfaces are formed (Fig. 2). Compari-
son of the microhardness profile with that predicted by numerical simulation has shown that
the formation of the subsurface microhardness maxima is due to a local increase in the am-
plitude of the stress wave (to 2.5 GPa) on its reflection from free surfaces (Fig. 3). According
to TEM data, the martensite in the regions of microhardness maxima undergoes the same
structure-phase transformations as on irradiation with an LEHCEB. In bulky specimens, only
the surface (quenched) hardened layer is formed, since the stress wave has time to damp sub-
stantially until it arrives at the rear surface [11].
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Fig 2. Microhardness profile for a thin specimen o f Fig 3. Depth distributions of the maximum values
prequenched steel U1OA (1 % C) irradiated with HCEB of positive (1) and negative (2) stresses achieved
(-350 keV, - 10

9 W/cm2 , - 40 ns). N=10. in the target for the case presented in Fig 2.
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Further increasing energy input (-1 MeV, -50 ns, 5x10 10 W/cm 2) leads to the formation of
a shock wave (-50 GPa) and to rear spalling. In a bulky specimen of previously quenched
Steel 45 irradiated in a prespalling mode, a quasi-periodically hardened structure is formed
throughout the specimen thickness [23]. As in the above experiment, the abnormally high mi-
crohardness in the hardened layers is related to the fragmentation of original martensite crys-
tals and to the formation of dispersed particles of cementite. This is evidence of a unified de-
formation-wave mechanism of hardened of the original martensite structure irrespective of
the parameters of the stress wave (shock wave).

On the rear side of the same specimens, nonequilibrium structures, naimely, graphite-
ferritic, ferritic, and other are formed that are regularly disposed in depth [23]. This may be
related to a redistribution of carbon and to a pulsed heating of the rear surface on reflection of
the shock wave. For gray cast iron specimens loaded under the same conditions, a new phase
corresponding to diamond is formed on the rear side [12]. This correlates with abnormally
high microhardness (- 2500 kg/mm2 ) and with the data reported elsewhere [24].

Thus, it has been shown that varying the beam parameters, one can to vary the contribu-
tions of the quenching and strain-stress-wave mechanisms of hardening in the carbon steels
and to produce controllable depth-graded structures showing high strength properties.

5. MODIFICATION OF METALLIC ALLOYS WITH LEHCEBS

In practical terms, the sources of LEHCEBs of duration -10-6 s are most convenient for
surface treatment [3, 22]. The results of investigations for carbon steels have been discussed
in Sec. 4. Testing has shown that the hardening of these steels is accompanied by an about
twofold decrease in wear rate. Let us dwell on results obtained for other materials.

Stainless steels. It has been shown [25] that repeated pulsed melting of austenitic steel
(similar to Steel 304) results in smoothing and cleaning of the surface and allows a substantial
enhancement of the corrosion resistance. More detailed investigations with specimens of Steel
440A and Steel 304 have demonstrated that the near-surface layer (-0.2 ltm) is enriched with
chromium due to its liquid-phase diffusion from deep-lying molten layers to the carbonized
surface. Depending on E, and, hence, on the crystallization conditions, partial or complete
dissolving of the originally present particles of second phases take place. As a result of rapid
resolidification, a nondisoriented nanosized (up to -100 nm) or submicron structure is formed
at the surface of Steel 440A (Fig. 4) and Steel 304, respectively. This structure is stable due
to the presence of dispersed second-phase segregates at intraphase boundaries. These struc-
ture-phase transformations, as expected, enhance the corrosion resistance [22].

Fig 4. TEM dark-field image in the reflex
of 1110] a-Fe + 1.131 M 3C7 and a diffraction

pattern of the microstnrcture of the near-
surface layer of stainless steel 440A irradia -
ted with an LEHCEB (27 J/cn 2, 2.5 p, N=1)

Aluminum alloys. After pulsed melting (melt region -7 [tm), in the surface layer of thick-
ness 0.4 ýtm, complete (A12024 alloy) or partial (A16061 alloy) dissolving of coarse (_ 1 [tim)
particles takes place and the second-phase segregates become smaller. When the irradiation of
A12024 alloy is more intense (melt region -25 [tm), an ordered structure.is formed in the sur-
face layer of thickness -1 ýtin as a result of dissolving of coarse particles followed by decay
of an oversaturated solid solution. This structure consists of nondisoriented submicron grains
of the matrix phase and nanosized CuA12 segregates coherently bound with the matrix.
Moreover, microcracks are observed, which may be related to the shrinkage of the molten
layer on solidification. For A16061 alloy under similar conditions, complete dissolving of all
second-phase particles and segregates take place. On the surface itself, an A120 3 film homo-
geneous in thickness (-30 nm) is formed. This enhances substantially the corrosion resistance.'
Irradiation also results in surface hardening of both alloys [26].
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Titanium alloys. Experiments were performed with specimens of types BT8M (Ti-5.8
AI-3.7 Mo) and BT 18Y (Ti-6.3 Al-4.5 Zr) alloys. Investigations [27] have shown that pulsed
melting makes it possible to clean the surface of oxygen and carbon impurities, to increase the
Al content in the near-surface layer to 20%, to attain a more uniform distribution of the com-
ponents throughout this layer, and to reduce the surface roughness to 0.10 gim. However, this
changes the phase composition to some extent, gives rise to low-intensity residual tensile
stresses, and results in microcraters appearing on the surface. Optimum irradiation modes al-
low suppression of the crater formation, and subsequent annealing permits the original phase
composition to be recovered. As a result, the fatigue limit increases by more than 20% and
the fatigue life by more than tenfold (Fig.5). As revealed by fractography, this is due to the
fact that the fracture mechanism changes from surface to subsurface.

Hard alloys. Used for the study were cutting inserts made of hard alloys of types BK8
(WC-8 Co), T15K6 (WC-15 TiC-6 Co), and T5K1O (WC-5 TiC-10 Co). As the energy den-
sity is increased, the degree of liquid-phase dissolving of the carbide and binding phases in-
creases gradually as a result of contact melting. This leads to extra saturation of the binder
with W and C, its grains becoming smaller. As a result, the microhardness at the surface in-
creases by -20% over the original volue. Further increasing energy density leads to degrada-
tion of the surface and to a reduction in microhardness. The latter is related to the formation
of low-strength metastable carbides with an fcc lattice.

Testing has shown that after irradiation, the durability of the inserts has increased twofold
or even threefold (Fig. 6). This may be due to the fact that the diffusion of the components of
the material under treatment into the binding in the process of cutting is hindered substantially
because of the grain becoming smaller and the formation of a Co-base solid solution. This
prevents the cutting edge from brittlement. On the other hand, contact melting increases the
linkage strength between the carbide and binding the phase due to liquid-phase diffusion [22].
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Fig 5. Fatigue curves for BT8M alloy specimens Fig 6. Wear test curves for inserts made of T5K1O
in the original state (a) and after irradiation hard alloy before (1) and after irradiation
(2.5 J/cm2, 40 shots) and annealing (b). by an LEHCEB with different values of E, (2-4).

6. OTHER PROMISING APPLICATIONS OF LEHCEBS

Smoothing of heat-resistant protective coatings. Heat-resistant protective coatings based
on Ni (e.g., Ni-Cr-Al-Y) have originally a rather rough surface. Surface melting enhances
their resistance to heat owing to an abrupt reduction in roughness [28].

Removal of heat-resistant protective coatings. LEHCEB irradiation can be used instead
of the routine, laborious and ecologically harmful technology for removal of waste coatings.
Experiments have shown that coatings like these can be removed efficiently (-I ptm per
pulse) with E, Ž 20 J/cm 2. With that, the structure of the substrate changes only slightly [28].

Production of high-concentrated surface alloys. With E, > 10 J/cm 2, it is possible to
produce surface alloys by pulsed deposition of coatings and remelting of the surface layer.
Experimentation with Cu-Fe and other systems has shown that the concentration of the al-
loying component is much over its equilibrium concentration. The thickness of the so pro-
duced layers is an order of magnitude greater than that realized on ion implantation [22].
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Enhancement of electric strength of vacuum insulation. Pulsed melting smoothes and
cleans the electrode surfaces. When combined with subsequent conditioning of the gap with
low-current pulsed discharges, this decreases substantially the prebreakdown currents and en-
hances the electric strength of the vacuum insulation [29].

7. SUMMARY

Using PEBs with parameters varied over wide ranges, which has made possible modeling
of various conditions and mechanisms for the formation of the affected zone, it has been in-
vestigated how the changes in the structure-phase state and physical, chemical, and strength
properties of metals and alloys caused by PEB irradiation are related to the characteristics of
the temperature and stress fields responsible for these changes. It has been demonstrated that
PEBs offer an efficient tool both for studying nonequilibrium structure-phase transformations
and fast deformation in metals and alloys and for developing new efficient techniques for sur-
face treatment of materials and articles. LEHCEB sources have been shown to be promising
for solving a number of material science and applied problems.
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APPLICATONS OF INTENSE PULSED LIGHT ION BEAMS TO
MATERIALS SCIENCE

K. Yatsui, W. Jiang, N. Harada and T. Sonegawa
Laboratory of Beam Technology Nagaoka University of Technology

Nagaoka, Niigata 940-2188, Japan

Abstract By an intense pulsed light ion beam (LIB) interaction with target,
high density ablation plasma is produced (ion beam ablation plasma: IBAP) due to
short range of LIB. Since the first preparation of thin films of ZnS by IBAP in
1988 (ion beam evaporation: IBE), we prepared various kinds of thin films. In
addition to standard front side deposition by IBE (FS/IBE), where a substrate is
located in front of the target, significant improvement has been achieved of the
film quality by back side deposition (BS/IBE), where the substrate is placed just
behind the holder. Characteristics of the films by BS/IBE will be shown. By
rapid cooling of IBAP, we synthesized nanosize powders. Fullerene has also
been successfully prepared. Furthermore, foil acceleration has been studied by
the irradiation of LIB on a target. Quick overview ,will be given on the
applications of IBAP in materials science.

1. INTRODUCTION
Inherent to short range of ion beams in targets, high-density ablation plasma can be

obtained by the intense pulsed LIB interaction with solid targets. The method to prepare thin
films by IBAP has been named IBE, which has the following features [1-9]. 1) Due to high-
density plasma (typically 1019 cm 3), the deposition rate is extremely high (- cm/s). 2) Since
the pulse width of LIB is short compared to thermal conduction time, the phenomenon is
considered as adiabatic. Inherent to very high density, we do not need to heat the substrate.
Thus, it is basically low temperature process. 3) Since the preparation takes place within
very short time scale, the contamination problems are not so serious due to poor chance to
interact with impurities. Thus, good agreement of the composition ratio has been obtained
between the target and the films prepared, resulting in excellent stoichiometry.

Since the first demonstration of preparing thin films of ZnS in 1988, we have successfully
prepared various kinds of thin films, such as YBaCuO, ITO, c-BN, ZrO2, C, BaTiO 3, and
apatite. Taking (BakSrl.jTiO3 as an example, several data will be shown in this review.

If the diameter of particles is less than 1 lim, which is called ultrafine nanosize powders,
the characteristics significantly differ from those of the bulk. Inherent to its huge specific
surface area, noticeable reduction of the melting point has been reported as well as decrease in
the sintering temperature. There were proposed two methods: chemical and pulsed laser
deposition (PLD). However, there were problems on purity and byproducts with the former
method, while a drawback on mass production with PLD. Here, several characteristics on
the powder production by IBE will be introduced [7, 10,11]. In addition, a new method will
be introduced to produce powders by a pulsed wire discharge. It is very simple in principle
and very cheap, which will be very attractive to produce a large amount of powders.

Recently, a lot of attention has been paid on fullerene, the shape of which is known to be
similar as a soccer ball. It is physically stable, but chemically unstable. Using IBAP, we
have successfully prepared a fullerene, which involves their higher orders as well.

Using IBAP, we have started the foil acceleration to obtain high density/pressure. Thick
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foil of Al was irradiated by LIB, and the rest of the range was accelerated by the reaction [12].

2. PREPARATION OF THIN FILMS BY IBE [1-9]
Very efficient preparation of thin films has been achieved by FS/IBE. Though it has the

extremely high instantaneous deposition rate, there has been often found droplets or splashing
particles as similarly found by PLD. To avoid them, we have proposed BS/IBE, where the
substrate is placed just behind the holder. As an example, characteristics of (Ba,,Sr,_JTiO,
films prepared by BS/IBE will be presented, being x (composition ratio) as a parameter.

Figure 1 shows the basic principle of FS/IBE and BS/IBE. A magnetically insulated
diode (MID) focused geometrically was used. Typical beam parameters were beam energy -

1 MeV and energy density - 30 J/cm 2. Though the deposition rate of BS/IBE is one order of
magnitude lower than that by FS/IBE, the film surface is very smooth with good morphology.

Figure 2 shows a typical SEM photograph of the cross section of SrTiO3 film prepared by
30 shots with BS/IBE, where x = 0. From Fig. 2, the film thickness is seen to be - 800 nm,
giving the deposition rate - 27 nm/shot. From the thickness distribution of the film, we have
observed the uniformity to be - + 8 %. It is noticed that the film is prepared like a column.

Figure 3 shows an AFM data of SrTiO3 film prepared by one shot (BS/IBE). From Fig. 3,
we see there are few droplets on the surface. Furthermore, the roughness has been estimated
to be Ra (average) - 2.5 nm, ks (mean square) - 3.2 nm, and Rmax (maximum) - 30 nm.

Figure 4 shows a RBS (Rutherford backscatter spectroscope) data (dots) of the film
obtained by BS/IBE using (Bao 5Sr05)TiO 3 target, being compared with the theoretical estimate
(solid line) for Ba:Sr:Ti:O = 0.5:0.5:1:3. As seen in Fig. 2, the composition ratio of the film
is in very good agreement with that of the target, indicating an excellent stoichiometry.

3. SYNTHESIS OF ULTRAFINE NANOSIZE POWDERS BY IBE [7,10,11 ]
By rapid cooling of IBAP with the interaction with the gaseous molecules, it has been

demonstrated to synthesize nanosize powders. Powders synthesized were collected by three
membrane filters located at 330 mm downstream from the target, and characterized by XRD
(X-ray diffraction), SEM (scanning electron microscope), TEM (transmission electron
microscope), and TED (transmission electron diffraction). Furthermore, the specific surface
area and average diameters have been determined by BET (Brunauer-Emmett-Teller) method
based upon the measurement of the absorbed nitrogen before and after the powders.

Figure 5 show a typical TEM photograph of y-A120 3, where the target and the ambient gas
were aluminum and oxygen (- 10 Torr), respectively. It is clear that there exist a lot of
powders of spherical shape, and that the diameter is less than several tens of nm.

Using various combinations of the target and ambient gas, we have successfully
synthesized many kinds of powders, which are summarized in Table I. From survey on the
experimental parameters, it has been found that the size and its distribution strongly depend
on ambient gas pressure as well as the parameters of IBAP and LIB.

4. SYNTHESIS OF FULLERENE BY IBE
By the LIB irradiation on carbon graphite, we have recently succeeded in the synthesis of

fullerene (C60). As well known, its shape is similar to a soccer ball. To obtain the ablation
plasma more efficiently, the ablation plasma has been collected in the concave box. Figure
6 shows a mass spectrometer data of the soot collected. In addition to C60, it is clearly found
the presence of higher order of fullerene up to C96. Optimization is being carried out on the
formation of fullerene by surveying the experimental conditions.

5. PREPARATION OF THIN FILMS AND NANOSIZE POWDERS BY PULSED
WIRE DISCHARGE [13]
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Pulsed wire discharge has been successfully applied to synthesize ultrafine nanosize
powders. By use of a capacitor bank, pulsed current flows through a metal wire located in
an ambient gas. The current deposits the electrical energy in the wire due to finite resistance.
The deposited energy melts, evaporates, and ionizes the wire, resulting in a plasma that
expands into the ambient gas. The high temperature plasma is then cooled down by the
interaction with the ambient gas, giving rise to high temperature vapor of the wire material
that condenses uniformly in the gas. The discharge was carried out by peak current of- 10
kA, pulse width of- 20 I.s, and pulse energy of- 80 J.

Figure 7 shows the specific surface area and average diameter of TiN powders as a
function of nitrogen pressure, where a wire of titanium was used. At lower pressure, the
surface area increases rapidly, while the average diameter decreases.

Table II summarizes the results of the powders synthesized. As mentioned in the
powders by IBAP, it has been made clear to control the size, the size distribution, and the
average diameter, as well as the specific surface area by experimental parameters.

6. FOIL ACCLERATION BY IBAP [12]
Figure 8 shows the basic principle of the foil acceleration by IBAP. The target

(aluminum) is irradiated by LIB. The material within the range will be ablated, the rest of
which will be accelerated forward. The ion diode used was MID or self-magnetically
insulated spherically plasma focus diode (SPFD). Typically, the energy density was - 100
J/cm2 and - 4 kJ/cm2 for MID and SPFD, respectively. From the velocity measurement, we
have obtained the velocity of - 3 km/s and the pressure of - 5 GPa by using SPFD. It is
noted here that a significant increase in the hardness has been observed of the target
accelerated and collided onto the dumped wall.

7. CONCLUDING REMARKS
Recent progress has been overviewed on the applications of high density IBAP inherent to

short range of LIB in targets, mainly associated with the applications to materials science in
LBT, Nagaoka. Compared to normal FS/IBE, quality of thin films has been significantly
improved by BS/IBE, giving very good morphology. By rapid cooling of the IBAP with
ambient gas molecules, we have succeeded in efficient synthesis of nanosize powders.
Furthermore, the production of higher order of fullerene has been demonstrated by IBAP.
Pulsed wire discharge has been found to be very useful to produce nanosize powders as well.
Foil acceleration has been demonstrated by IBAP. By the LIB interaction with thick foil of
aluminum, we have obtained the velocity - 3 km/s and the pressure - 5 GPa. Significant
increase in hardness has been observed of the accelerated foil. In addition to being initially
developed as an energy driver for an inertial confinement fusion in late 1970, new and novel
applications of LIB have been available nowadays, particularly in materials science.
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Table I Characteristics of powders synthesized by IBE. where a). b) and c) are

diagnsoed by SEM: TEM and both SEM/TEM, respectively. Species were

identified by XRD.

Target Ambient Pressure Target- Particles Particle Size,
Material Gas (Torr) Collector Identified Min-Max

-Distance (mm) (nm)
100 TiO+TiO2 380 2,4 10a)

Oxygen 330 TiO+TiO2  4 - 4 0 b)
99.5%

Ti 10 100 TiO 2  320 - 2,000a)

99.5% 330 TiO 2  4 - 45b)

100 TiN+TiO 5 -1,8.00)

Nitrogen 330 TiN 5 - 3 8b)
99.5 %

10 100 TiN 1380 - 1,420a)
330 TiN 5 - 2 3b)

TiN Nitrogen 1 100 TiN 350 - 2,270a)

330 TIN 350 - 1,050a)
99.5% 99.5 %

10 100 TiN 350 - 3,8503)

330 TiN 350 - 700")
I I

Oxygen 1 330 A12 0 3  5 - 50b)

Al 99.55% 10 330 A1203 5-~65_b)

99.5 %
Nitrogen 5 330 Al 250 - 750a)
99.5 % 10 330 Al 5 - 3 0 b)

AIN Nitrogen 1 330 AIN+A1 150 - 1,600a)
99.5% 99.5% 10 330 A1N+AI 5 ~ 35b)

Table II Nanosize powders prepared by pulsed wire discharge.

Wire Ambient Gas Nanosize Specific Surface Average Particle

(400 Torr) Particles Area (m2/g) Size (nm)

Ti 02 TiO, 40.1 35.3

Fe 02 Fe2 0 3  26.9 42.9

Cu 02 CuO+Cu 20 16.1 62.1

Zr 02 ZrO2  30.4 35.6

Mo 02 MoO2 +MoO 3  26.0 49.1

Ti N2 TiN 52.0 21.2

Fe N2  Fe 15.7 48.7

Mo N2  Mo 15.9 41.9

Pd N2  Pd 30.0 16.4

Al Ar Al 28.9 77.0

Cu Ar Cu 10.8 62.2
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ABSTRACT

Dielectric barrier discharges (DBDs) in oxygen and air are well established for the
production of large quantities of ozone and are more recently being applied to a wider range
of plasmachemical processes. As an introduction of this type of gas discharge, the main
plasmaphysical features of sinusoidal-driven DBDs (transient, non-thermal plasmas at
atmospheric pressure) will be described, and plasmachemical reaction pathways for the
generation of ozone will be briefly discussed.

The generation of atomic oxygen for ozone synthesis leads inevitably to the second
application of DBDs, the non-thermal oxidation of volatile organic compounds (VOCs) in
dry and humid air. Experimental results on the degradation of VOCs (isopropanol,
trichloroethylene, carbon tetrachloride) as well as by-product formation will be presented for
stand-alone DBD treatment, as well as for simultaneous (V)UV illumination of the discharge.
Illumination of the discharge with (V)UV can change the plasmachemistry by enhanced
formation of certain species of radicals - and thereby can change byproduct formation - but
also can change the discharge physics, known as the Joshi effect.

Another application of DBDs is the generation of excited dimers and exiplexes for the
production of incoherent (V)UV/visible light. As an example, experimental results on a
XeBr* excimer UV light source will be presented, which LANL has developed to the stage of
commercialization. Effects of the total and partial gas pressure of a Xe/Br2 system, the gap
spacing, and the applied driving frequency on the UV radiant efficiency will be presented.

The last and latest application of DBDs is the surface processing near atmospheric
pressures. As an example, results of photoresist ashing on Si wafers in an oxygen plasma will
be shown as function of gas pressure, gap spacing, and applied frequency. The surface of the
etched photoresist is characterized by profilometry and scanning electron microscopy (SEM).

INTRODUCTION

Dielectric barrier discharges (DBDs), historically also called silent electrical discharges
(SDPs) by Warburg (1904), have been first used by Werner Siemens (1857). They can be
obtained when high voltage is applied to electrodes that are separated by a gas gap and at
least one dielectric barrier (usually quartz, glass, or ceramics). Using typical gap spacings
(0.5 mm to 1 cm), ambient gas pressures (100 mbar to 2 bar) and ac applied voltages
(typically 500 V to 20 kV at 1 Hz to <IMHz) will cause a multitude of transient filaments
(lifetime in a range of ns to 100's of ns) with electron densities of about 1014 to 1015 cm"3

and mean electron energies of typically 1-10 eV. Through electron impact with gas molecules
in the bulk gas, excited species, dissociation products, and ionized species will be formed in
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the ignition and discharge phases which will initiate a complex set of plasmachemical
reactions to produce new species. The key feature of DBDs is hereby, unlike other plasma
sources, to produce non-thermal, medium ionized plasmas (degree of ionization 10-5 to 10-4)
even at atmospheric pressure.

EXPERIMENTAL SETUP

Typical arrangements used for DBDs in ozone generation, flue gas treatment, generation of
(V)UV light, and surface processing, with the materials used, are shown in Figures 1 A-C.

s izzzz dielectric Figure 1 Schematic sketch of
electrode possible double dielectric

> eletrodebarrier discharge cells (a
and b) with a) solid
electrodes and b) one

transparent electrode.
Especially for waste gas
treatment, sometimes a
packed-bed-reactor c) is

A B C used

RESULTS AND DISCUISSION

Ozone formation

1018 Ozone is the dominant agent used (next

to chlorine) for purification and
eI E sterilization of drinking water. Almost all
,a ozone generators that are used to produce
.1 0large quantities of ozone (as in municipal

1water treatment plants and in chemical
industry) use the dielectric barrier

0 00 0 N2/0 2 - 80/20 discharge in oxygen (or dry air) which is
N0N N2/O21H 20-79/195/l.5 the most efficient method for ozone

o Az Ar/O2 - 80/20

A Ar/0 2/H20 - 79/19.5/1.5 generation.

101 2 Figure 2 Ozone concentrations obtained in various
0 2 4 gases in dependence of the supplied energy

energy density [J cm] density.

In the application of DBDs to ozone generation (and to off-gas treatment) in air and air-like
gas mixtures reactive, oxidizing species in the background gas are primarily formed by direct

electron impact with molecular oxygen [O(1D) + O(3P) by dissociation in the Schumann

Runge band or -continuum, O(3p) + O(3P) by dissociation in the Herzberg band, 02(IA) by

excitation, and 02 by attachment]. Ozone will then mainly be formed by the reaction

O+02+M--O 3 +M.
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Flue gas treatment
At moderate and low VOC concentrations (ppb-ppm), effluents are typically treated by
thermal (700 TC to 900 C) or catalytic (350 °C to 450 °C) oxidation, which requires energy in
form of flammable additives in order to provide the necessary temperatures (enthalphy).
Here, DBDs can be used as efficient alternative as they provide a possibility of a 'cold com-

bustion' as no additives or supplemental
3 full symbols -dry gases oxidants are needed. Similarly to DBDs for)t •empty symbols - humid gases

m p 5ty oabs.) ozone generation, reactive, oxidizing species

22 r 2
-propanol(400ppm) (O(3p), O(1D), and, by the reaction O(1D) +

1 trichloroethylene (190 ppm)
F carbon tetrachloride (330 ppm) H2 0-- 2 OH also OH) in humid flue

gases (which are air or air-like gas mixtures)
are formed. When one of these radicals reacts

Figure 3 Removal efficiency of various VOCs in air-
0. 0.5 1.0 1.5 2.0 like flue gases (N2 /0 2 - 80/20) in dependence of the

energy density [JI"1] supplied energy density.

with a VOC molecule, a complex set of plasmachemical reactions is initiated, leading to its
oxidation, fragmentation, and ideally mineralization. Figure 3 shows the destruction and
removal efficiency of various VOCs in dry and humid air in logarithmic scaling as function
of the energy density applied into the gas.
A possibility to increase the concentration of atomic oxygen and (by chemical quenching
with water) hydroxyl radicals and to alter the chemical reaction pathway hereby, is to
illuminate the discharged gas with (V)UV light which will cleave ozone to produce atomic
and molecular oxygen. As (V)UV sources, a low-pressure mercury lamp (emitting mainly at
253.7 nm) and a self-made Xe2 * excimer source (emitting at 172±7) nm have been
employed. The results on degradation and by-product formation are reported elsewhere [1].

Generation of (V)UV
In the last few years silent discharge-driven UV sources have been developed and
investigated using the silent discharge of selected gas mixtures, where a wide range of the
(V)UV spectrum can be covered. Here, as an example a XeBr* excimer UV source (emitting
mainly at 282 nm) is presented. As for all excimers in UV generation, non-thermal discharges

5.5-mm gap are crucial since, at elevated temperatures, energetically
higher vibrational states of the excimer states become

7.5 more populated and only resonance radiation is
obtained. In Figure 4 the efficieny of a XeBr* excimer
UV is given for a 5.5-mm gap spacing at 15 kHz driving
frequency as function of gas pressures and ratio of
Xe/Br2 . Here, UV sources with transparent electrodes

have been made as schematically shown in Figure l b.
0

0500 Figure 4 UV radiant efficiency of a XeBr* excimer system as

function of the total and relative gas pressure of Xe/Br 2, obtained
P[)21ptola ) Ix 1032 , at a driving frequency of 15 kHz.
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By measuring the emitted UV radiant power and the electrical power that is coupled into each
gas filling at a constant applied voltage of 13 kVpeak, the UV radiant efficiency is

obtained. The optimal condition for the 5.5--mm gap is found at a Br 2/Xe ratio of 0.125 % at a

total pressure of 125 mbar. Similar results were obtained for the other gap spacings. Results
for the dependency of the UV radiant efficiency as function of the applied frequency (when
using optimal gas fillings, i.e., a Br 2/Xe ratio of 0.125 % at a total pressure of 125 mbar are

reported elsewhere [2].

Surface processini•
To evaluate DBDs for surface processing, we have selected the well documented process of

photoresist ashing using an oxygen discharge. Typical power-density specific etching rates
achieved with conventional low-pressure, non-thermal plasmas in oxygen for the same type

of photoresist are about 100 nm min-1 W- 1 cm 2 at equal conditions, i.e. low temperatures no
additions of CF4 , etc. and low ion energies (<20 eV) which are known to largely improve the

etching rates. Figure 5 shows the power-density specific etching rate of a Novolak-type
photoresist on Si wafers as function of the gas pressureM I lIlnin 7 rmin

150 02 m, ,,0 10, at six different gap spacings, obtained with a 2-kHz
•5 mmill 20 rm (sinusoidal) silent discharge in pure oxygen. The

results show that the power-density specific etch rates
o0 0are comparable with 'conventional' low-pressure

-U A 0 discharges, however, SEM reveals that strong surface
damaging may occur, especially at small gaps and high

S 0 0 gas pressures [3]. This can be improved by increase of0 -< "the applied frequency [4].

0 Figure 5 Power-density specific etching rate of a Novolak-type
0 500 1000 15o0 photoresist on Si as function of oxygen pressure at various

p [mbar] gap spacings.
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THIN FILM DEPOSITION BY PULSED ION BEAM EVAPORATION
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Abstract Thin films of (Ba,Sr)TiO3 (BST) and SiC were obtained by using
the technology of intense, pulsed ion beam evaporation (IBE). The IBE takes
advantage of high-temperature, high-density nature of the ablation plasmas
generated by intense, pulsed ion beam. As a result, the thin films obtained by
IBE are characterized by many special properties that can not be obtained by other
thin-film deposition technologies. In this paper, we report the analytical results
obtained by X-ray diffraction (XRD) and scanning elctron microscope (SEM).
In addition, the BST samples were analyzed by using the Sawyer-Tower circuit
for dielectric constant measurement and the SiC samples were analyzed by the
scratch test measurement.

1. INTRODUCTION

The intense, pulsed ion beam evaporation (IBE) has been developed for thin-film
deposition and nanosize~powder synthesis [1-4]. In IBE, the intense, pulsed ion beam is
irradiated on the surface of a solid target. Due to the very high energy density produced by
the ion beam, the target material close to the surface is evaporated and ionized resulting in
high-temperature, high-density plasma. The plasma expands toward the surrounding
vacuum or low-pressure area, giving rise to a plume of evaporated target material. This
expanding plasma is called the ablation plasma.

If the ablation plasma reaches a substrate, some of the plume material will deposit on the
substrate surface resulting in a thin film. This is the basic principle of [BE. One of the
advantages of IBE is the elimination of substrate heating [5]. ,

We have found that the thin films can be obtained on both the front and the back surfaces
of the substrate. In addition, the thin film obtained on the front surface, front side IBE
(FS/IBE), has very high deposition rate (-jim/shot) while that obtained on the back surface,
backside IBE (BS/IBE), has very good surface quality and physical property [5]. We have
successfully obtained many kinds of thin films and nanosize powders by using IBE [1-7].
In this paper, we report the details of the thin film deposition of (Ba, Sr)TiO3 (BST) and SiC
and the results of thin film analysis.

The BST material has very high dielectric constant, making it a hopeful candidate as the
capacitor material for the next-generation super-high density integrated circuit. The BST
thin films have been obtained by sputtering, CVD and pulsed laser deposition. However,
all these processes need very high substrate temperature. Taking the advantage of the
elimination of substrate heating of IBE, we used the BS/IBE to BST thin film deposition.

Generally, the SiC thin films are produced by sputtering or chemical vapor deposition
(CVD) techniques where the deposition rate is very low (typically - 1 jim/hour). Therefore,
taking the advantage of very high deposition rate of FS/IBE, we have tried to apply it on SiC
thin film deposition.

All samples were analyzed by X-ray diffraction (XRD), scanning electron microscope
(SEM), atomic force microscope (AFM) and Rutherford' backward scattering (RBS). In
addition, the BST samples were analyzed by using the Sawyer-Tower circuit for dielectric
constant measurement and the SiC samples were analyzed by the scratch test measurement,
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respectively.

2. EXPERIMENTAL SETUP 'Flashboard

Figure 1 shows the Anode Cathode Substrate
experimental setup. The ion
beam is extracted from a
magnetically insulated ion-beam
diode which is driven by the pulsed ..
power generator "ETIGO-II".
The ion beam consists of 80% of .....,Target
proton and 20% of carbon and
oxygen ions. The peak ion
energy is 1 MeV and the pulse
width is 50 ns. The energy ..

density deposited by the ion beam
on the target surface is variable in on Beam
the range of 34 < Eb < 67 J/cm 2 .

BS/IBE was used for BST thin
film deposition. The target was Fig. 1 Experimental setup of IBE.
sintered (Bk.,Sr×1)TiO 3 (x = 0, 0.25,
0.5, 0.75, 1.0) ceramics. The
substrate was a very thin aluminum layer BST/AI/SiO /Si(100) 30 shots
coated on SiO 2 of 300 nm in thickness on (
Si (100) (A1/SiO,/Si(100)). The (a)x =
distance between the target and the
substrate was ds = 40 mm. The C

deposition was carried out under the -
ClIpressure of - 10' Torr with the substrate at

room temperature. The samples were
obtained by 30 ion-beam'shots.

FS/IBE was used for SiC thin film r (b) x = 0.5
deposition. The target was sintered SiC ,;
solid and the substrate was Si (100).
The distance between the target and the .-.

substrate was dTs = 40, 45, or 50 mm. - 5<
The deposition was carried out under the

r
pressure of - 10- Torr with the substrate at -

room temperature. The samples were
obtained with 1, 5, 10 of ion-beam shots.

3. EXPERIMENTAL RESULTS

3-1 BST thin films ' 0-1

20 30 40 50 60
Figure 2 shows the typical XRD 2 0 (deg.)

results of BST thin films obtained with
BS/IBE under the following condition: 30 Fig. 2 XRD patterns of BST films
shots, x = 0, 0.5 1, dTs = 40 mm, and Eb - deposited at composition of(a) x = 0,
67 J/cm 2. It is easily confirmed that the (b) x = 0.5 and (c) x = 1 (BS/IBE, 30
diffraction peaks of BST at different value shots, AI/SiO 2/Si(100) substrate ).
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STO/AI/SiO 2/Si(100) 30 shots Ai/BST/AI/SiO 2/Si(100) 40 shots

50

40

.30

Cross Section -- 20 • "1kHz
S10 :10 kHz
1 0

S00 0.5
1 Jim Composition Ratio of Ba ( x)

Fig. 3 SEM photograph of Fig. 4 Dependence of relative dielectric
SrTiO 3 thin film. constant (er) on x.

of x are clearly identified. The Si (200) and AI(ll 1) peaks are caused by the substrate.
Figure 3 shows the typical photograph of BST thin films obtained by SEM. The

sample was obtained with the following condition: 30 shots, x = 1, dTs = 40 mm, and Eb -67
J/cm 2. From Figure 3, film thickness was obtained as - 800 nm, giving the deposition rate
of - 26 nm/shot. The 'surface mean roughness obtained by AFM measurement was - 4 nm.
The RBS results of BST thin films have shown that thin film composition is the same as that
of the target.

Figure 4 shows the relative dielectric constant measured by using the Sawyer-Tower
circuit. The samples were obtained with the condition of x = 0, 0.25, 0.5, 0.75 and 1, 10
shots, dTs = 40 mm, and Eb - 67 J/cm 2. It is seen from Fig. 4 that, the relative dielectric
constant depends on the value of x and has a peak at x - 0.5.

3-2 SiC thin films FS/IBE, 10 shots, drs=40mm

Figure 5 shows the typical '- J -

XRD patterns of SiC thin films Eb=34J/cm2
obtained with dTs = 40 mm, Eb - 67 .
J/cm2 and - 34 Jcm2. Both -

samples were obtained after 10
shots of the ion beam. In Fig. 5, . U Q
Si (200) and Si(400) are diffraction ,
peaks of the substrate while the ,
peaks at 20 = 35.770 and 60.08' ,
were that of cubic SiC (111) and -
(220). Therefore, it is confirmed Eb= 67I

that polycrystalline SiC exists in the
thin films. 20 30 40 50 60 70
Figure 6 shows the dependence of 2 0 (deg.)
the film thickness on the distance
between the target and the substrate. Fig. 5 XRD patterns of SiC thin films obtained
The samples were obtained by 10 with different ion-beam energy densities.
shots with ion-beam energy, density
of -34 J/cm2.
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Fig. 6 Dependence of SiC film thickness

on target-substrate distance. Fig. 7 Results of scratch test for SiC
samples obtained with different ds.

Figure 7 shows results of scratch test of the SiC thin films. In Fig. 7, the critical stress
represents the adhesion of the thin film on the substrate. The samples were obtained with
Eb - 67 J/cm2 with 10 shots of ion beam. From Fig. 7, it is seen that the critical stress of the
SiC thin film decreases as ds is increased.

4. CONCLUSIONS

Backside ion beam evaporation (BS/IBE) has been used for BST thin-film deposition
giving the following conclusions.

1) Polycrystalline BST thin film was obtained on substrate at room temperature.
2) Deposition rate was - 26 nm/shot.
3) Mean roughness of the film surface was - 4 nm.
4) Relative dielectric constant depends on the value of x and its peak appears at x - 0.5.
Results of SiC thin films deposition by frontside ion beam evaporation (FS/IBE) have

given the follows conclusions.
1) Deposition rate of - 140 nm/shot was obtained with ion beam energy density of Eb

34 J/cm'.
2) Critical stress of the film increases as the target-substrate distance is decreased.
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Optical Guiding and Stability of Intense Short Laser Pulses in

Plasma Channels

Phillip Spranglel and Bahman Hafizi 2

'Plasma Physics Division, Naval Research Laboratory, Washington, DC 20375
2Icarus Research, Inc., P.O. Box 30780, Bethesda, MD 20824-0780

Laser pulse propagation can be strongly influenced by nonlinear effects (relativistic
and/or atomic electrons), ionization processes and finite pulse length effects. In this paper
these processes are included in the analysis of the propagation and stability of intense laser
pulses in plasmas. An envelope equation, which includes ionization and nonlinear effects, is
derived and the spot size is found to be unstable to an ionization-modulation instability.
Short laser pulses propagating in plasma channels are found to undergo an envelope
modulation that is always damped in the front and initially grows in the back of the pulse. An
example of laser wakefield acceleration to electron energies greater than 2.5 GeV in a plasma
channel is described.

Introduction short laser pulses propagating in a preformed
The propagation of high intensity optical plasma channel. This equation shows that

pulses in plasma channels [1-6] and partially- finite length effects result in significant
stripped plasmas is relevant to a wide range of modification of the nonlinear processes as
applications, such as ultrabroadband optical well as a laser envelope modulation that is
generators [7], optical harmonic generators eventually damped due to frequency spread
[8,9], x-ray sources [10], laser-driven phase mixing. Finally an example of laser
accelerators [11-20] and "fast ignitor" laser wakefield acceleration to energies greater
fusion [21]. than 2.5 GeV in a plasma channel is

This paper addresses three processes described.
relevant to the propagation, guiding and
stability of intense laser pulses in plasmas. Refractive Index
These processes are ionization [6], finite pulse The general refractive index associated
length effects [22] and the effect of bound with an intense laser pulse in a partially-
electrons on the stability and guiding of laser stripped plasma [23] is r1 = r10 + Ail, where
pulses [23]. The various contributions to the A7= A7p + Afr + Afla + Ai/c + Ai/±. Here,
refractive index are stated and used in an I Arl I << 1, i0o I is the linear index
envelope equation describing the laser spot
size. An envelope equation for a laser pulse associated with the bound (atomic) electrons,

propagating in a preformed plasma channel, Arip - - Op2/ 2to is the linear contribution
including nonlinear effects, is derived. The from the free (plasma) electrons, Aijr =
critical power for optical guiding is obtained -ATIpa2 / 4 is the relativistic contribution from
in terms of the channel depth and critical

powers for relativistic and atomic guiding. plasma electrons, Alla = 1l21 is the nonlinear

When ionization effects are included an contribution from the atomic electrons, i.e.,
2/ 2.ionization-modulation instability develops. A the optical Kerr effect, Allc = (Anc/np)r/ r2 is

perturbed envelope equation is obtained for the contribution from a preformed plasma
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channel and A1i = 2c 2/(0or 0 )2 is the {)2R R A P
contribution from the finite spot size of the - ] L-JA"' PRPR-3 = 0, (2)a2n, P P
laser pulse. In the above, wo is the laser

frequency, ro is the initial laser spot size, o, =
(4Ttq2npim) 1/2 is the plasma frequency, np is where P = (r / 2)1o7r12 is the laser power, Pr is
the ambient plasma density, ao the normalized the critical relativistic focusing power and Pa
(unitless) peak amplitude of the laser vector is the critical atomic focusing power.
potential, 112 is the nonlinear refractive index
associated with the bound electrons, I is the Critical Power for Guiding
time averaged laser intensity and An, is the The critical powers are, respectively,
depth of the preformed plasma density Pr 2c(q / re)2(wo/op)2 [6,23,25-27], and
channel. For a linearly polarized laser 2 2-2,a

a= 7.32 x 10-'9  [[m] I [W/cM2 ], where P1 = /(2,7u 0 i72 ) [6,28], where r, = q2/mc2

Xo = 2tcc/Co0 is the laser wavelength. cm is the classical electron radius. The ratio
.R, = RPPa can be much greater than unity and

Envelope Equation scales with laser frequency to the fourth

Using the source dependent expansion power. In practical units,

(SDE) method [6,24] an envelope equation RC = 1.22x1O 4 Ori0 2 [cin Z/W]/(4• in]np
describing the evolution of the laser spot size [cm-3] where 12 is proportional to the atomic
r, can be derived. In the SDE method, the g9 2optcalfild s epadedin cmplteset of gas density, na•. Taking 1"12 -- 10-1 cm2]W for
optical field is expanded in a complete typical neutral gases at standard temperature
source-dependent orthiogonal Laguerre- and pressure, n, = nP 2.7 x 1019 cm-3 and Xý
Gaussian functions that im plicitly depend on 0.5 p ms , 0n d = np = 7 10 . For these
the propagation distance z through the spot
size, wavefront curvature, amplitude, and parameters, the critical powers for relativistic

phase. The envelope equation may be written and atomic focusing are Pr = 2.8 TW and Pa =

in the form P, /710 = 3.9 GW, respectively. From Eq. (2),
the critical power for guiding in a preformed

a2 Z 2  plasma channel with relativistic and atomic
Z-R--3 - 722 R dz(ari2 /Z)xexp(-X) electron effects is given by

22 ro2 0 Pc,-it = (1 - Anc / n 1)Pc, where P,. = PrP/(P,

+ Pj. The effect of a plasma channel is to
= 0, (1) reduce the power required for guiding.

where R(z) = r,/ro, Z = z/ZRO, ZRO = rio7C rr I2

2 2 Laser Envelope Equation in an Ionizing Gas
is the Rayleigh length and X = 2 r/ r The contribution to the refractive index

Focusing of the laser beam requires that from ionizing plasma electrons is
the refractive index be peaked on axis. The 2(r,z,t)/2o)2 Substituting 11 = l
refractive indices associated with the Ar), =- r 2t

relativistic plasma AIri, bound electrons Aria +A11p + Ail,. + Ail, into Eq. (1) yields [6]

and a preformed plasma channel Aric can
individually cause focusing of the laser pulse.
The envelope equation in this case become
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aZ2 R I- PP _P •-R2(r~k,,)2f f2•-P

S0, (3) d2R d45R c d 25R
2 20 (3 d 28 + 481?+4E - 6-

where ka = 41rq2na/mc2  and 0Z2 +Z -- dR-Z

fg = • d(np/na)(- X) exp(-X) =0, (5)
0

represents a filling factor. The ionization with solution
term in Eq. (3) represents the defocusing 8R = R - 1 = oRo exp(-2eZ-Z 2 /dZ)cos(2Z),
effect of the ionizing plasma. where 6R0 = 8R (Z = 0), = 0 at Z =

Ionization-Modulational Instability 0, Zd, = 00,o /(2,6"6c) is the phase mixing

The laser envelope described by Eq. (3) length normalized to ZR and
can undergo an ionization-modulation (IM) e = (4/ 7M,)A /2,. The last term in Eq. (5)
instability [6]. The IM instability arises from results in overall damping due to phase mixing
the variation of ionization along the beam. caused by the frequency spread associated
The perturbation on the envelope is - exp with the pulse. The modulation amplitude,
[(I ± i3T)Ne], where Ne is the e-folding proportional toexp[-8XuZ/(rrlogo)_Z2 /Z],

length, is always damped at the front of the pulse

r = • k2z1/3 (4 > 0) while the back (4 < 0) initially grows

NeZ) = 3,P(4')Qa 1 (4) but is eventually damped due to frequency
S4n spread phase mixing. Overall damping of the

modulation occurs for Z > 47tj/(3702L). In

and = z z-r7,,ct. The IM instability disrupts Figs. 1-3 the parameters are A = 1/ym, aV/oI
the tail of the beam and the disruption point << 1, fO = 20yum (67fs), P = 0.56 Pc, with an
propagates towards the front [6]. initial mismatch in the spot size compared to

the equilibrium spot size, i.e.,
Short Laser Pulse Effects R0=R(0,0)=1and R(0)=1.15. Figure l(a)

In this section we consider a short laser
pulse propagating in a preformed partially shows the spot size R(Z,4) as a function of
stripped plasma channel consisting of free and Z = z / ZR and 4 / ý, with finite pulse length
bound electrons. We have derived elsewhere effects (e # 0) included. For comparison Fig.
an envelope equation for the perturbed laser I(b) shows the same plot in the absence of
beam radius, correct to second order in Airo finite length effects (E = 0). The laser pulse
and 2L/ £o, where r0 and £0 are the spot size modulation is clearly apparent in Fig.1 (a)
and pulse length and X is the vacuum where the spot-size at the front (4 > 0) of the
wavelength [22]. In the limit of low laser pulse is damped and in the back (4 < 0) is
power (<< P,), the perturbed envelope unstable. Finite pulse effects not only result in
equation is a laser envelope modulation but also

significantly enhance nonlinear focusing.
This is shown in Fig. 2 where the spot size
with finite pulse length effects (solid curve)
approaches zero at 4 / --- 3 for Z =15. The
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spot size without finite length effects (dotted injection process and instabilities, have been
curve) shows less than a 10% decrease at neglected. These will be addressed in a

S= 0 for Z = 15. Figures 3(a) and (b) show forthcom ing paper.

the laser pulse amplitude b(Z,ý) as a function
of Z and ýJX with and without finite pulse Conclusions

length effects, respectively. As a result of the The main laser plasma processes addressed

enhanced nonlinear focusing due to the finite in this paper are ionization and finite pulse

pulse length, Fig. 3(a) shows a significant length. An envelope equation, which includes

increase in the pulse amplitude at Z = 15 ionization and nonlinear (relativistic and

compared to Fig. 3(b). bound electron) effects, is found to be
unstable due to an ionization-modulation

Electron Acceleration to GeV Energies in a instability. A perturbed envelope equation
Plasma Channel that includes finite pulse length effects, as

In the laser wakefield accelerator [11-20] well as nonlinearities is also discussed. Finite

the interaction length in uniform plasma is pulse length effects modify nonlinear

limited to a few Rayleigh ranges, depending focusing processes and result in a laser

on the degree of re guiding. If the wakefield envelope modulation. Finally, an example of

can be generated in a long plasma channel, a laser wakefield accelerator in a plasma

electron acceleration to energies in excess of channel achieving more than a few GeV in a

I GeV can be achieved. Consider a k= I pm, distance of less than 20 cm is given.
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Abstract--Carbon fiber cathodes have been used to produce electron beams from 10's of
nanoseconds to 10's of microseconds. Cathode areas can vary from a single fiber (- 10 micron
diameter) to many hundreds of square cm. The micron size diameter of the fiber is responsible for
the high electric field produced at the tips which allows operation of these cathodes at average
fields as low as 10 kV/cm. During operation the emitting tips heat up and some plasma forms and
erosion takes place. However, carbon has the highest sublimation energy per unit volume among
all the elements. It does not melt and it sublimation temperature is high (4000 K). Therefore, no
rounding of the tips take place (metals always melt and form a small sphere which turns off the
emission). These properties allow producing cathodes with very million shot lifetimes at current
densities of 10's to 1000's of A/cm2 . We will describe our work on carbon fiber cathodes which
range in operation from 6 kV to 500 kV anode-cathode voltage and up to a few microseconds pulse
duration.

Introduction--Carbon fiber cathodes have been studied as sources of long (compared to solid
explosive emitters) pulsed, high current emission at the University of California, Irvine (UCI)
since the late 1970's [1]. This research was motivated by studies of carbon fibers as field emitters,
either singly or in clusters, to provide DC current emission without plasma formation [2,3]. In this
early work carbon fibers was obtained either from yarn or cloth or felt material. In the yarn and
cloth material the fibers are oriented and long and in the felt the fibers are short and randomly
oriented. The felt material was found to be much inferior as a cathode source than either the yam
or cloth fibers. The early work also demonstrated a very important feature of carbon fiber
cathodes, namely that current emission occurs at low average threshold fields of about 10 kV/cm.
Current densities of as small as an A/cm 2 and up to the space charge limit could be generated.
Pulse durations for this early work at Irvine varied between 1 to 2 microseconds at the higher
current densities (1 kA/cm2 ) to about 100 microseconds for the lower current densities.

Thermionic cathodes are limited to about 10 A/cm 2 current density. For pulsed power applications,
where 100's or even many kA/cm 2 of current density are required, thermionic cathodes are not
suitable. Various solid 'field emission' cathodes, which are really plasma cathodes, have been
developed over the years to meet the pulsed power demands. However, most of the cathodes used,
because of gap closure, limit the pulsed duration to about 100 ns. In addition, these cathodes
usually have high threshold fields in excess of 100 kV/cm. Velvet cathodes have lower field
thresholds than solid cathodes and pulse lengths can be up to several hundred nanoseconds,
however at high current densities, > 1 kA/cm 2 , their lifetime is limited to about 1000 shots and
therefore they are not suitable for rep rated systems. As stated earlier, carbon fiber cathodes have
the lowest current initiation threshold, pulse lengths can be extended to many microseconds and the
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lifetime of a 1 kA/crn 2 , I microsecond pulsed cathode is one million shots.
Cathode Geometries--Oriented carbon fibers, like cloth and yarn, are used mostly in carbon
fiber reinforced components. These are continuous fibers and woven fabric that contain tens of
thousands of fibers per bundle. Fibers range from a few microns to tens of microns in diameter
and can have a wide a range of electrical and mechanical properties. The work we have done does
not indicate any correlation between the electrical and mechanical properties of the fiber and the
performance of the cathode. Carbon fiber cathodes are inexpensive and easy to construct. We have
constructed linear cathodes (0.2 mm x 2 cm), planar cathodes ( up to about 15 cm diameter),
annular cathodes (up to 15 cm diameter and thicknesses less than 1 rmm) and point like cathodes (
0.2 mm diameter) which generate a conical like beam when used in the absence of a magnetic field.
Some details of construction for various cathodes can be found in [1, 4]. A point like cathode can
be seen in Figure 1 and current traces for this cathode are shown in Figure 2.
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Figurel: Point like cathode.
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Figure 2: Capacitor discharge into the diode. The capacitor is charged to 10 kV. Upper trace is
Faraday cup signal sampling about 1 % of the beam current. Lower trace is the cathode current. The
AK gap is 4 cm.
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Figure 3 shows a V-I trace for a 10 cm diameter planar cathode energized by a 500 kV Marx
generator with a crowbar circuit at the output. The AK gap is 6 cm and the current density is- about
20 A/cm 2 . Figure 8 is a V-1 trace for a 2 cm annular cathode of - 1 mm annulus immersed in a 1
Tesla magnetic guide field and energized by the Marx generator of Figure 3. The current density is
greater than 1 kA/cm2 .
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Figure 3: V-I traces for a 10 cm diameter planar cathode and 6 cm AK gap. No magnetic guide
field.
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We speculated that a low melting point, heavy ion compound which is a good photo and secondary
emitter would improve the performance of the cathode with respect to gap closure and threshold
voltage. CsI fits these properties and we have found that carbon fiber cathodes coated with CsI did
reduce the gap closure rate, in some cases, by a factor of 3 [4,5]. CsI has also resulted in a
lowered threshold field to a few kV/cm (for the point like cathodes). However, CsI is not as
immune to erosion as bare carbon fiber cathodes. Also, the adhesion of the CsI to the carbon fibers
is poor and mechanical shocks and vibration tend to shake some of the CsI from the carbon fibers.

Conclusions--Over the years we and other groups have constructed many different cathodes of
various shapes and sizes, The cathodes have been used to generate x-rays and high power
electromagnetic radiation from millimeter to tens of cm. wavelengths. We have also used carbon
fiber cathodes as pre-ionisers in gas jets, for plasma heating and surface modification of materials.
We have not measured the beam quality for any of the cathodes we have constructed. However,
based on our radiation production results and results of other groups, we think beams generated
using carbon fiber cathodes have a beam quality at least as good or better as those generated using
solid cathodes.
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Relativistic Electron Beams from Cathodes at 1 GV/m Gradient

T. Srinivasan-Rao, J. Smedley and J. Schill
Brookhaven National Laboratory, Upton, NY 11973

INTRODUCTION

In the past decade, there has been extensive research [1] in the development of low
emittance, high brightness electron injectors for linear collider and free electron laser
applications. RF injectors with a few nC charge in a few ps, with an emittance of -1-5 it mm
mrad are operational in a number of facilities [2-4]. In these devices, a laser beam irradiates a
photocathode embedded in an RF cavity. The photoelectrons released by the laser are
immediately accelerated to relativistic velocities, thereby reducing the space charge effects.
The frequency of the RF and the design of the cavity are chosen to minimize the RF and space
charge effects on the electron bunch so that low emittance, high brightness electron beam
could be generated. Minimization of RF effects on emittance growth require a low RF
frequency while minimizing the space charge effects require high field and hence high RF
frequency. The design is hence a compromise between these two conflicting requirements.
Some of these limitations could be overcome by using a large pulsed electric field at the
cathode rather than a RlF field. The duration of the pulsed field should be chosen so that it is
longer than the electron bunch length and the transit time in the accelerating region, but short
enough to avoid breakdown problems.

An added advantage of these high fields on metal surface is the lowering of the work
function due to Schottky effect. For a field of 1 GV/m, and a field enhancement factor of 3,
the change in the work function can be calculated to be -2 eV[5]. This opens up the
possibility of using either the infrared or visible radiation to overcome the work function and
to extract the electrons from low work-function metals such as yttrium or magnesium. The
complexity and cost of the laser system associated with the photocathode is then significantly
reduced.

Development of a high brightness electron source using this scheme requires a pulse
generator, a laser pulse of sufficient energy to trigger and synchronize the electrical pulses,
and a short laser pulse to irradiate the photocathode and generate electron pulses to be
accelerated. In the following sections, the designs of these components are described. Critical
issues to be addressed are the capability of metals to withstand the high fields without causing
electrical breakdown, relative contributions of field emission current and the photocurrent,
change in the work-function of the metal as well as its quantum efficiency to photoemission
and synchronization of the high voltage pulse and the laser pulse driving the photocathode.
The first two critical issues, and synchronization between the trigger laser and the electrical
pulse have been investigated and results are presented in this paper. Detailed simulations of
electron emission and transport in this diode using MAFIA and PBGUN are presented in a
companion paper in this conference.

EXPERIMENTAL APPARATUS:
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The breakdown studies conducted by Juttner et. al. [6] and Mesyats et. al. [7] indicate
that metals could withstand field gradients of a few GV/m if the duration of the field is - few
ns. According to these studies, for HV pulses with pulse duration less than 10 ns, both cathode
initiated, and anode initiated breakdowns become less probable. In addition, the breakdown
voltage becomes relatively insensitive to the cathode and anode materials. Formation of
microscopic craters due to explosive emission become less frequent and the erosion of the
electrodes decreases significantly. Hence uniform field gradients of- 1 GV/m on macroscopic
surfaces would necessitate a HV pulse with voltage amplitude - 1 MV, pulse duration of a
few ns with subns rise and fall times.

A photograph of the pulse generator that would meet these criteria are shown in
Figures la and lb. Detailed description of the pulser can be found in Reference 8. This pulse
generator is capable of delivering I MV with a duration of -1 ns and rise and fall time of
-150 ps to a 80 Ohm load. The HV pulse is synchronized to an external clock by triggering
one of the sharpening switches (a gas switch with SF 6 or its mixture with argon) with a laser.

The SF 6  gap consists of a
hemispherical electrode connected to the
HV transformer and a flat electrode
connected to the transmission line with an

electrically isolated stainless steel wire in
the middle of the gap to aid in laser
triggering. Two CaF2 windows centered on
the wire permit the laser to irradiate the
wire normal to the gap. The laser beam
was focused between the stainless steel
wire and the high voltage electrode of the
SF 6 gap such that the beam nearly fills the
gap between the two. In the current

Fig.lb. Photograph of the HV pulse scheme, the laser beam triggering the gas

generator, electron gun, and cube switch is derived from a KrF laser. Jitter

containing the diagnostics. A 70 cm ruler measurements with this laser arrangement

is shown nearby for dimensions of the are discussed in the following section

device

The electron gun generating the high brightness electron beam consists of a
photocathode and a grounded anode held parallel to the cathode with the high voltage pulse
applied to the cathode. A stainless steel cube enclosing the electrodes maintains a vacuum
level of 10-8 Torr in the vicinity of the electrodes and surrounding diagnostic equipment.
Both the electrodes are removable and hence the performance of the diode for different
electrode material and geometry can be investigated without changing the characteristics of
the applied voltage significantly. Alternately, for a given electrode material and geometry, the
performance of the diode can be studied for various shapes and amplitudes of the voltage
pulse, by changing the SF 6 gas pressure, the amplitude of the low voltage and the length of the
pulse forming line, without breaking the vacuum.

The diagnostics for the electron beam consist of an electrically isolated Faraday cup to
measure the charge, a pepper pot, phosphor screen and relay optics system to measure the spot
size of the electron beam and hence calculate the emittance. The pulser and the diode with its
diagnostics are housed in an enclosure designed to filter the electromagnetic noise associated
with such a system. A joule meter to measure the energy of the laser beam irradiating the
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cathode and an imaging system to measure the spot size of the laser on the cathode provide
the laser beam diagnostics.

MEASUREMENTS AND DISCUSSION:
JITTER MEASUREMENTS:

The amplitude of the HV pulse, 15 cm upstream of the cathode, can be measured using
a capacitive probe built in the transmission line. This probe also has sufficient bandwidth to
measure the rise and fall times of the pulse. The signal from this probe is fed directly to a
digitizing oscilloscope with 7 GHz bandwidth. The probe has been precalibrated such that 1 V
signal in the scope corresponds to 575 kV at the transmission line. A typical voltage trace
from the oscilloscope is shown in Figure 2. Deconvoluting the response time of the scope and
the attached delay line yields a rise and fall time of ~150 ps. The maximum voltage obtained
is -900 kV.

In order to measure the synchronization of the high voltage pulser, the SF 6 switch was
irradiated with the KrF laser. A laser beam of 75 mJ energy, 2x0.2 mm2 spot size and - 20 ns
pulse duration irradiated the gap between the high voltage electrode and the stainless steel
wire in the gap. The synchronization of the HV pulse depends critically on the location and
the arrival time of the laser beam at the gap, the gas mixture and gas pressure. Each of these
parameters was varied keeping the other parameters constant. The optimum set of parameters,
defined as the ones resulting in maximum voltage with minimum delay and jitter, was
established. The maximflm voltage amplitude measured at the last probe was 0.92 MV with
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Fig. 2. Shape of the high voltage pulse. Fig. 3. Delay (o) and jitter (+) of the HV
The maximum amplitude is 0.9 MV and pulse with reference to the laser pulse for
deconvoluted rise and fall times are -150 90 psi of SF6
ps.

pure SF6 at 6 atmospheres. As seen in Figure 3, the c 'orresponding delay between the arrival
of the laser at the gap and the breakdown of the gap was -30 ns, with a jitter of 0.7 ns. A 5:2
mix of argon:SF6 at this pressure reduces the voltage by 10% and jitter to 0.5 ns and the delay
to 5 ns. Since these jitter values include the fluctuations in the laser energy and hence the
trigger time of the oscilloscope, the real jitter between the laser and the HV pulse is expected

to be much smaller than the measured 0.5 ns. Jitter values of -150 ps have been reported [9]
with similar arrangements.
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DARK CURRENT MEASUREMENTS:

The dark current measurements were done with the pulser in the self-trigger mode,
without the laser irradiating the SF 6 gap. This enabled us to apply the maximum field on the
diode. Two different cathode materials, stainless steel and copper, were tested for their
voltage hold off properties and dark current emission. Fields exceeding 1 GV/m could be
applied to both the cathodes. As can be expected, the dark current depended critically on the
background pressure between the electrodes. The dark current from stainless steel after
conditioning, in a field gradient of 0.7 GV/m, was below the detection limit of our system
even at background pressures of -10-3 Torr. Copper on the other hand yielded a dark current
of 200 A under similar conditions. When the background pressure was reduced to 10-7 Torr,
the dark current fell below the detection limit of our system, 0.5 mA. The interelectrode gap
was then decreased to 0.5 mm so that field gradients exceeding 1 GV/m can be explored. A
typical current trace with copper cathode and stainless steel anode at 1.7 GV/m gradient is
shown in Figure 4. The fast rise time of the first peak indicates that this peak is caused by the
fast rising voltage pulse. The subsequent pulses, however, have a slower rise time. In addition,
the locations of these peaks do not match exactly with the modulation in the voltage
waveform, although the number of peaks matches the number of modulations observed in the
voltage waveform. The origin of the current peaks appearing after a delay of 5 ns is still under
investigation. The possible sources could be secondary emission from either the cathode or
the anode,and transport of the primary electrons modulated by the voltage waveform.

, .A Fowler-Nordheim plot for the
. . . ............. . current in the first peak alone was created.

If the work function of copper is assumed
-40 - to be 4.6 eV [10], the field enhancement

calculated from these data is -25, implying
that surface fields exceeding 40 GV/m can

i --- be sustained by copper cathodes without
--2 - -- - causing high voltage breakdown. This is in

-0- - agreement with the pulsed high voltage
00 20 40 .0 100... ... ... ... ... . breakdown measurements reported by

"ns Messyats [8]. Experiments are now in

progress to characterize the field emission
Fig. 4. Dark current trace for an applied current further.
field of 1.7 GV/m. 16 traces are
overlapped on each other.

CONCLUSION:

In conclusion, a high voltage pulser capable of delivering up to 1 MV with a duration
of -1 ns and rise and fall times of -0.15 ns has been constructed and tested. Copper and
stainless steel cathodes have been tested to withstand I GV/m gradient. Under background
pressures of 10-7 Torr, the dark current is below the detection limit of our system at 1 GV/m
gradient and hence would not contribute significantly to the photocurrent. Copper cathode and
stainless steel anode have been shown to withstand applied fields of 1.7 GV/m without
experiencing high voltage breakdown. Dark current measurements and Fowler-Nordheim plot
for fields exceeding 1 GV/m indicate that surface fields experienced by these electrodes could
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be as high as 40 GV/m. Further characterization of this field emitted current is currently in
progress.
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ABSTRACT

At the FOM Institute for Plasma Physics "Rijnhuizen", The Netherlands, an electrostatic high
power free-electron maser is operated at various frequencies. An output power of 730 kW at
206 GHz is generated by a 7.2 A, 1.77 MeV electron beam, and 360 kW at 167 GHz is
generated by a 7.0 A, 1.61 MeV electron beam. The lower output power at the latter frequency
is due to relatively high losses in the present mm-wave cavity. It is shown experimentally and
by simulations that, depending on the electron beam energy, the FEM can operate in single-
frequency regime. So far, the pulse length was limited to some 12 ps. Nevertheless, many
aspects of generation of mm-wave power have been explored, such as the dependency on
electron beam current and energy and settings of the mm-wave cavity.

1. INTRODUCTION

The principal target of present free-electron maser (FEM) research is the realisation of a
source of mm-wave radiation of high average power, high system efficiency, and broad
tunability. The achievement of these targets may culminate in the use of FEMs as power
sources for electron cyclotron applications on magnetically-confined plasmas in future fusion
research devices, such as ITER. For such applications power sources of at least 1 MW in the
frequency range from 140 to 200 GHz at a system efficiency of 50% are required. Fast
tunability over a small range and a Gaussian output beam would be an advantage.

In a FEM radiation is generated by a relativistic electron beam oscillating in an undula-
tor. A promising approach to realise long pulse operation is the use of electrostatic beam
acceleration and deceleration. In this scheme the electron beam is accelerated to the
interaction region, and afterwards it is decelerated and collected in a multistage depressed
collector. In this scheme, the main beam power is supplied at the collector side, i.e., at low
voltage, while the accelerator voltage generator has to supply only the beam loss current.
Consequently, to reach long-pulse operation, the loss current has to be extremely low, in our
case of the order of 0.2%.

2. LAYOUT OF THE FEM

A description of the Fusion-FEM experiment is given in ref. [1]. The system basically consists
of an 80-kV triode electron gun, a dc accelerator and a mm-wave cavity with the undulator
[2]. In a later stage the dc decelerator and the depressed collector will be added. In the
experiments described here, the beam recovery system was not installed. Consequently, the
beam current is fed from the capacitance of the HV terminal (1 nF), and thus the beam energy
(terminal voltage) drops by 1 kV / Abeam / Pts.

The mm-wave cavity consists of the undulator waveguide - a rectangular corrugated
waveguide with a cross section of 15 x. 20 mm2 - and two stepped waveguides at either side,
see fig. 1 [3]. In the stepped waveguides the mm-wave beam emerging from the undulator
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waveguide is split into two identical off-axis beams. At the position of full separation, mirrors
are placed. The backward propagating beams merge into one beam. This way, a 100 %
reflector is realized, at the upstream side of the undulator. At the downstream side a similar
system is used, but here one of the mirrors can be shifted in longitudinal direction (direction
of beam propagation). Upon propagating backwards, the beams have a phase difference,
which results into one on-axis beam and two off-axis beams. The on-axis beam is the
feedback power, the two off-axis beams are coupled out. By adjusting the position of the
mirror, the feedback can be varied between 0 and 100 % [4].

% flec electron beam in
fixed mirrorsundulator waveg•uid I

undulator•

splitter (artial reflector)combiner • ...

adjustable mirrorfixed mirror7 '

electron beam out
, 7-m: mm-wave

quasi-optical I i ... diagnostics
telescopic , .
mirror line I

brewster-angle window

Fig. I Layout of the mm-wave cavity, for details see text. Behind the window is a second
telescopic system (not shown) to transform the elliptical beam on the window into a
circular beam. The diagnostics system consists of a fast semi-conductor detector
coupled to a mixer, a calorimeter and an absorption sheet viewed by an IR-camera.

The two mm-wave beams coupled out merge back into one beam in a fourth waveguide.
Via a quasi-optical mirror line, which covers a frequency band from 130 - 250 GHz, the beam
passes through a Brewster-angle window. Once outside the vacuum, the output mm-wave
beam is analysed by a fast semi conductor detector to investigate the temporal characteristics
and to analyze the frequency spectrum via a heterodyne mixer, a calorimeter to measure the
output power, and an absorption sheet with an infrared camera to view the spatial power
distribution of the beam.

Frequency tuning of the stepped waveguides requires the upper and lower walls of the
waveguides to be adjusted. The undulator waveguide is wide band and does not need any
adjustment.

The electron beam enters and leaves the cavity through an opening between the mirrors
and follows a straight path. This set-up was chosen to minimise electron beam losses.

3. MM-WAVE POWER

As mentioned before, no beam recovery is installed yet. Consequently, the beam energy drops
and thus the gain curve shifts across the frequency band of the cavity. This changes the
characteristics of the interaction and results in variation of the output power during the pulse.

A net output power of 730 kW was generated by a 1.77 MeV, 7.2 A electron beam, see
fig. 2.a. For this beam energy single-frequency operation was reached, see fig. 2.b. For a
slightly lower electron beam energy the mm-wave output power showed to be more chaotic,
see fig. 2.c. As seen in fig. 2.d, several frequencies are generated, and the output power
strongly fluctuates on a short time scale.

The FEM was operated at 161 GHz for an electron beam energy around 1.65 MeV and
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by adjusting the stepped waveguides. Fig. 3.a and 3.b show the mm-wave output power for an
1.61 MeV, 7.1 A electron beam (single frequency), and for a 1.59 MeV, 7.0 A electron beam
(multi frequency), respectively. Again, the same relation is seen between the setting of the
cavity (frequency band) and the electron beam energy.

The spatial power distribution (profile) of the output beam as measured with an IR
camera and an absorption sheet inserted in the beam is shown in fig. 4, for 206 GHz and
167 GHz beams. Gauss fits taken between the top of the signal and a level just above the noise
level result in a Gaussian mode content exceeding 99.8 % for both cases.
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Fig. 2 Single-frequency mm-wave output power, P., for a 1. 77 MeV, 7.2 A electron beam
(a), and the corresponding frequency spectrum, shifted over 205.7 GHz (b).
Multi-frequency mm-wave output power for a 1. 76 MeV, 7.2 A electron beam (c), and
the corresponding frequency spectrum, shifted over 205.7 GHz (d).
The electron beam starts at t = 0.
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Fig. 3 mm-wave output power, P,,, for a 1.61 MeV, 7.1 A electron beam (single frequency)
(a), and for a 1.59 MeV, 7.0 A electron beam (multi frequency) (b).
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Fig. 4 Beam profiles for a 206 GHz beam. (a) and a 167 GHz beam (b), as measured with

an heat-absorbing foil and an IR-camera. P, is the power density.

4. DISCUSSION AND CONCLUSION

FEM can generate single-frequency output beams at all operating frequencies. This regime is
reached when the gain curve overlaps with the higher frequencies of the cavity transmission
curve, while FEM generates multi-frequency output when the gain curve overlaps with the
lower frequencies. In the latter situation FEM operates almost in the linear regime, because (a)
due to the voltage drop the gain curve runs out of the cavity curve in a short time and the
interaction time is rather short, and (b) the reflection of the stepped waveguides is frequency-
dependent, and decreases for frequencies away from the central frequency. Due to these two
effects, the power does rrot grow strongly, i.e., FEM operates almost in the linear regime, and
no mode competition and mode suppression takes place.

On the other hand, for high initial voltage the interaction time is much longer, and -
more important - the gain curve passes through the central frequency region with a high
reflection coefficient. The output power grows to a high level and reaches the non-linear
regime. Mode competition takes place and the mode with strongest interaction grows on
expanse of the side band and parasitic modes. This results in single-mode operation [5].

FEM generates 730 kW of mm-wave power, for a 7.2 A, 1.77 MeV electron beam. The
start up time of the mm-wave beam agrees well with simulations. The electronic efficiency is
5.7 %, which is slightly higher than expected. These results were obtained for a setting with
low cavity losses, in our case around 200 GHz. At all frequencies the Gaussian mode content
of the output beams exceeds 99.8 %.
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Abstract
The field of high-power microwaves (HPM) has matured considerably in the 25 years since

the initial development of relativistic backward wave oscillators (BWOs) by researchers from
the Institute of Applied Physics and the Lebedev Institute in Russia [1] and from Cornell
University in the US [2,3]. In this paper, we review some of the signs of the maturity of the
field, including changes such as an observed narrowing in the number of source types under
development, an increase in commercial suppliers, and a growing internationalization of the
research field. In addition, within the context of historical developments in the field, we discuss
the development of high peak power systems and the apparent abandonment of the pursuit of
ever-higher power in favor of the development of gigawatt-level systems with manageable
weight and volume, repetitive operation, and tunability.

Introduction

This year is the 25th anniversary of the publication of the first paper providing experimental
results for a true, high-power microwave source [1]. In the paper, researchers from the
Institute of Applied Physics in Nizhny Novgorod and the Lebedev Institute in Moscow
described a relativistic BWO producing 400 MW in 10-ns output pulses. A year later, workers
at Cornell University, following up on Nation's discovery of low-efficiency microwave
emission in electron beam experiments [2], produced a somewhat higher power in a similar
device [3]. Since that time, power levels. of a gigawatt or more have been generated with a wide
variety of sources, some relativistic versions of conventional devices such as the magnetron,
and others with operating features unique to the field of HPM, such as the vircator. These
power levels have been generated at frequencies ranging from about 1 GHz to deep into the
millimeter-wave range at 140 GHz. Power levels have approached, and in a few instances,
surpassed 10 GW, and the scaling to even higher power levels has been considered in several
cases.

On this 25th anniversary, signs of maturity can now be recognized in the field. They can be
found in changes in the composition of the field, in terms of the participants, the sources under
investigation and the applications driving their development, and in the geographic diversity of
interest. Signs of maturity can be found also in the research agenda for the field. Two trends
stand out in particular. First, we perceive a trend toward the production and use of versatile
gigawatt- or near-gigawatt-level systems with manageable weights and volumes, repetitive
operation, and frequency-tunable output. Second, we note the community-wide pursuit of
longer pulses with microwave output tracking the power pulse of the electron beam driving the
source. This latter work is summarized very succinctly in the proceedings of last summer's
International Workshop on High Power Microwave Generation and Pulse Shortening, held in
Edinburgh [4]. In this paper, we'll outline the changes we see in the field and review the trends
we perceive in the development of versatile high-power systems.

Changes in the field of HPM

We see three notable signs that point to the growing maturity of the field of HPM: the
narrowing of the types of sources under active development and the applications that drive that
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development; an increase in the number of commercial suppliers of HPM systems; and a
growing internationalization of the research field. With regard to the focus in source
development, we note that three types of sources are becoming increasingly popular among
users and researchers, in part because each has strong commercial support: relativistic
magnetrons, high-power BWOs and TWTs, and reltrons and super-reltrons. Two other
sources also continue to attract significant interest: the magnetically-insulated line oscillator
(MILO), attractive because it offers power levels now reaching 1 GW in a low-impedance
source without the complexity and bulk of an applied magnetic field; and the low-impedance
relativistic klystron amplifier (RKA), another low-impedance source that has generated power
levels around the 10-GW mark with pulse energies of about 1 kJ.

In addition to these sources, broadly attractive to researchers interested in high-peak power
applications, we also see focused efforts driven by two well-defined applications:
"* RF linacs for TeV electron colliders -- klystrons, based both on upgraded conventional tube

technology and on relativistic source technology; magnicons; gyroklystrons; and TWTs.
* ECRH heating of fusion plasmas -- gyrotrons and, notably, the FEL under development by

the FOM Institute in the Netherlands.
The application for RF linacs requires sources producing power in the 100-MW range at
frequencies between about 10 and 30 GHz. On the other hand, the plasma heating application
requires high average power in a continuous mode at frequencies in the range of 150 GHz and
above. Strictly speaking, this latter is not an HPM regime, but the requirement for high-average
power at these high frequencies stresses the state of the art.

In contrast to the aforementioned sources, we see a number of types falling by the wayside.
Most notably, perhaps, is the virtual cathode oscillator, or vircator. This source offers high
power levels in a relatively simple, low-impedance configuration that doesn't require an applied
magnetic field. Unfortunately, vircators tend to up-chirp in frequency, due to gap closure in the
electron beam diode, and they suffer from poor efficiency in many cases. The virtode, invented
in Ukraine, offers some solutions, but to date it hasn't been widely pursued. Another factor
contributing to the vircator's lack of popularity is the fact that magnetrons and reltrons offer
attractive alternatives at the frequencies of interest. Relativistic gyrotrons and cyclotron
autoresonance masers, which originally promised high peak power at higher frequencies, also
seem to have fallen out of favor, although, as metioned earlier, high average power gyrotrons
still enjoy favor in their niche. The reasons for the lack of popularity here can perhaps be traced
to reduced interest in high peak power sources at high frequencies, particularly at the expense of
high operating voltages. Finally, the high-peak-power free electron laser (FEL) has fallen out
of favor. While this source can be made to operate over a wide frequency range, the complexity
of the required wiggler magnets, the high-voltage needed for high-frequency operation, and the
guiding magnetic field additionally needed for high-power operation at lower frequencies
perhaps result in a source of undesired complexity.

A sure sign of maturity in the field is the growing number of commercial suppliers for
HPM systems. US firms find that the HPM hardware market in the 1990s mostly lies abroad
due to diminished US-government purchases. We estimate total hardware revenue of about
$4M per year. Industrial research and development in the US, however, has steadily declined
in the 1990s and is about zero now due to low profit margins. The smallness of this business
makes larger defense firms reluctant to enter the field.

Current exporters of HPM equipment -- sources and pulsed power -- in the US are Titan
Corp. (reltrons, systems) and Maxwell Physics International (relativistic magnetrons, vircators,
complete turnkey systems). Integrated Technologies and Kiser Research distribute Russian
equipment (BWOs, orotrons, RADANs, systems) around the world, as do the Russian
institutes, notably the Institutes of Applied Physics, Electrophysics, and High-Current
Electronics, themselves. Thomson Shorts has entered the European market, which is currently
dominated by American firms.

Overall, the internationalization of HPM research can be traced to an interest in HPM as
possibly a key emerging defense technology of the 21st century. The early programs in the
USSR and US have evolved and influenced other countries to take an interest. The collapse of
the USSR led to the dispersal of some Russian and Ukrainian HPM workers and the eagerness
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of others to collaborate in international programs. At the current time, we would divide the
various national efforts as follows:

* Major programs -- US and Russia;
* Medium-scale programs -- UK, France, China, and Ukraine; and
* Emerging programs -- Sweden, Germany, Israel, Taiwan, India, and Australia.
Depending on the scale of the effort in each country, work can be found at government
laboratories, industrial firms, and in the universities.

Development of versatile HPM systems

The trend toward the development of versatile HPM systems is particularly interesting when
viewed in historical context. We point to four significant programs in the development of HPM
sources:
"• Vircator experiments conducted on the AURORA accelerator at the Harry Diamond

Laboratories (circa 1986-1991). AURORA was an enormous radiation effects simulator,
and one arm of this four-arm accelerator, producing an approximately 7-MW, 160-kA
beam, was used for HPM experiments. The cathode and drift-tube diameters in these
experiments were 53 and 122 cm, and the A-K gap was varied up to 35 cm. At this large
size, frequencies varied from about 0.7-1.0 GHz. Peak power levels of 1-4 GW were
extracted from each of 18 ports, and a total pulse energy of about 1 kJ was generated.
Unfortunately, the power was highly variable during a pulse, and the frequency was also
highly variable from shot to shot.

"* The Naval Research Laboratory RKA experiments (circa 1985-1996). This source operated
at low-impedance and utilized near-virtual-cathode formation to very effectively bunch
electrons in an amplifier configuration. Power levels of 6 GW could be generated reliably in
140-ns pulses at 1.3 GHz, giving pulse energies approaching 1 kJ. Single shots at levels
up to 15 GW were seen at times. Further increases in power were expected to require a
triaxial configuration, in which a high-current electron beam was propagated in a coaxial
drift tube in order to raise the space-charge limiting current of the device, although this
source never came to full realization.

"* The Lawrence Livermore and Lawrence Berkeley National Laboratories high-peak-power
FEL (circa 1982-1995). These experiments demonstrated gigawatt production at high-
efficiency using wiggler tapering on the ETA-1 accelerator. Later experiments on the
upgraded ETA-2 accelerator produced gigawatt-level output at 140 GHz, as well as high
average power in 2-kHz bursts using magnetic switching technology. Ultimately, this
experiment was terminated when it was deemed that the technology was overly complex, in
contrast to high average power gyrotrons, for ECRH heating of fusion plasmas, the
application for which it was ultimately funded.

"* The multiwave Cerenkov generator (MWCG) and relativistic diffraction generator (RDG)
experiments conducted on the GAMMA accelerator at the Institute of High-Current
Electronics. The long-pulse accelerator, operating in flat pulses to one microsecond, was
used to drive sources producing power levels approaching 10 GW in X-band, and gigawatt
power levels at frequencies of 30-40 GHz. Pulse energies of the order of 1 kJ were
generated, and a variety of pulse shortening mechanisms were examined. Ultimately,
scaling experiments showed the way to operation at high ratios of the diameter of the source
to the output wavelength. Unfortunately, this scaling also pointed to a requirement for
extremely large capacitor banks to drive the field coils producing the guide field in the
interaction region.

In common, each of these significant experiments was very large. In the case of the RKA and
the MWCG/RDG systems, scaling experiments pointed the way to power levels potentially in
the tens to hundreds of GW, but the sizes and complexity of these systems became daunting. In
the case of the FEL, size and complexity once again became problematic, particularly in regard
to alternatives for the ultimate application.
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Today, we point to three systems enjoying widespread popularity among researchers and
users because of their high output power, of the order of a gigawatt, their manageable size and
weight, their tunability, and their demonstrated capability for repetitive operation. In addition,
each is essentially available from a commercial supplier:
"* Relativistic magnetrons, produced by Maxwell Physics International, generating power in

the gigawatt range and pulse energies of about 100 J, at frequencies in the L- and S-bands;
"* BWOs and TWTs, produced at the Institute of High-Current Electronics, producing power

levels up to and beyond a gigawatt and energies of 100 J or more, depending on the size of
the-pulsed power unit, primarily in the X-band; and

"* Reltrons and super-reltrons, built by Titan in Albuquerque, NM, with power levels
approaching a gigawatt and energies of 200 J and more, primarily in the L- and S-bands,
with scaling to higher frequencies at lower power.

The relativistic magnetrons, when powered by a compact linear induction accelerator (CLIA),
also developed at Maxwell Physics International on the model of a system developed at the
Institute of Nuclear Physics at the Tomsk Polytechnic Institute, have utilized magnetic switching
technology to operate at kilohertz rates. Using an in-house developed technique, they have also
been shown to have a tuning range at high power of about 30% in S-band. These systems are
also widely used in pulse-lengthening research and in the development of coherently-phased
arrrays of HPM sources.

The BWOs, driven by IHCE SINUS pulsed power generators, can also operate at repetition
rates of 100 Hz. These X-band machines have been the drivers for experiments in the
development of high-efficiency BWOs that can be mechanically tuned over about a 5%
bandwidth while operating at constant power using control systems developed at the University
of New Mexico.

The reltrons and super-reltrons are, in themselves, quite compact, their size being
determined almost solely by the pulsed power systems driving them. They've become
workhorses in simulation and effects studies, and tunable output is available using a variety of
different modulating cavities, as well as different extraction cavities operating at harmonics of
the modulation frequency.

Summary

The field of HPM is maturing in its 25th year. Years of investigation have led to a
sharpening of the research focus, created a commercial supplier base, and generated
international interest in the technology. While earlier experiments have demonstrated very high
power levels over a broad range of frequencies, users and the research community have fixed
on several systems with very versatile features and relatively compact dimensions.
Nevertheless, research continues on several other sources with attractive prospects. Looking
into the future, the prospects for the near term appear to favor sources aimed at defense
interests, with linear accelerators and ECRH plasma heating constituting additional technology
drivers.
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Abstract
X-band klystrons (XB-72K) designed for the next linear collider (JLC) are described.

Klystrons having traveling-wave output structures in order to reduce the electric fields and an
rf output power of around 70 MW have been obtained. A new klystron-simulation code using
"MAGIC" has been developed at KEK, and the simulation results agree well with the
experimental data. The next klystron was designed using the code; an rf output of 120 MW is
obtained in the simulation. The klystron is being manufactured and it will be tested this
November

1. Introduction

X-band (l1.424GHz) high-power pulse klystrons will be used in the next linear-collider
(JLC) project. Ten X-band klystrons (XB-72K (Fig. 1) #1 to #9 and PPM #1) have been made at
KEK for R&D. The RF discharges in the output cavity were repeatedly observed at the
prototype #2 to #5 XB-72K tubes employing a single gap output structure [1]. These discharges
limited the rf pulse duration to at most 100 ns at 90 MW (or 200 ns with 30 MW output power).
The discharges were considered to be due to high electric fields on the surface and/or spread of
the beam due to deceleration. In order to avoid discharging, a travelling-wave (TW) type
multi-cell structure, having lower electric fields and a larger bore radius, was adopted. In this
paper we describe the results of the klystron based on the TW-structure output.

A new simulation code using "MAGIC[2]" has been developed at KEK in order to simulate
TW structures precisely. The performance of the klystrons can be
analyzed using the code and a next klystron (XB-72K #10) was
designed by the code. The design goal, which was changed during
the elaboration process of the JLC parameters, is to produce a 120
MW-class klystron with a pulse length of 1.5 Jis.

2. X-band klystron with travelling wave (TW) structure

The prototype (#7 to #9) klystrons were same to prototype #5
except output. In these klystrons, nose cone removed pillbox
cavities were adopted, except for the input cavity, in order to
reduce electric fields on the surfaces of the cavities [1]. The output
structures were designed by BINP with the one-dimensional code
"DISKLY" developed at BINP.

The basic output structure of #7 to #9 klystrons is the t/2-mode
travelling wave; also many modifications have been made
according to the energy conversion from beam to the structure.

The output structure of prototype #7 has a choke (4 cells + I
choke) in order to suppress any leakage-fields from the final cell.
Although the maximum surface fields decreased, higher order
modes coupled with the choke and the collector caused an
instability.

The output structure of #8 had no choke, and one more cell (5 Fig. I Photograph of the
cells) was used in order to increase the efficiency. Although the XB-72K klystron
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Table I Rf structures of KEK X-band klystrons
#7 TW output #8 TW output

#9 TW output

Schoke 5 output

#5 single-gap output 4 o ut of 4 54 output

11.4 33o u t p u t 2 

2 

2

#5 #7 #8 #9 XBPPM#1 #10
Cavities except output 4 Same to #5 Same to #5 Same to #5 5 5
Output structure Single-gap TW TW TW Same to #9 TW

(4+choke) (5cells) (4cells) (4cells)
Total length 240 mm 260mm 260mm 260mm 400mm 330mm
(input to output cav.)
Magnet Electro- Electro- Electro- Electro- permanent Electro-
Max. magnetic field 7kG Same to #5 Same to #5 Same to #5 3.8kG 7kG
Design method FCI DISKLY DISKLY DISKLY DISKLY MAGIC
MicroPerveance 1.2 1.2 1.2 1.2 (0.98) (1.2)
Beam voltage 580kV 505kV 535kV 520kV (550kV) (550kV)
Rf output 90MW* 54.5MW** 55MW 72MW (110MW) (120MW)
Pulse width 100ns 100ns 500ns lOOns*** (1.511s)
Efficiency 29% 25% 22% 31% (50%) (44%)
*serious discharge takes place. ** Rt output is unstable. o**Ccnditioning is in progress.
( ):design value.

efficiency was low, an rf output power of 55MW with a long pulse (400 ns) was achieved.
The output structure of the #9 klystron consists of 4 cells; it has a more optimal structure

than did the previous ones. The bore diameter between the collector and the final output cell
was reduced from 16 mm (#7) to 14 mm (#9) in order to avoid higher order modes. The
efficiency increased to 31 % and no rf instabilities were observed. The maximum output power
is 72 MW and conditioning is now in progress with increasing the pulse width.

A PPM (periodic permanent magnet) klystron designed by BINP is now being delivered.
The klystron consists of 18 periodic
permanent magnet (PPM: the magnet
material is NeFeB) elements with 5 rf 120
cavities and a TW output. The design E #8 measured
perveance was decreased to 0.98[t in 100 X#8 DISKLY .X xI
order to avoid a large space-charge force 07 "#8 MAGIC X 0
and to increase the efficiency. It will be • 80 0 #9 measured X
tested this month (June- 1998). O 0 #9 MAGIC

The experimental results and the • 60 - P -D ....
design parameters of these klystrons are XD
summarized in Table I along with a 40 X I
figure of output structures. The output JODI

performance is shown in Fig.2. 20 X .

0 1

3. Analysis of X-band klystrons by 300 400 500 600
"MAGIC"

applied voltage [kV]
A klystron with a single output cavity, Fig.2 Output results of#8 and #9 klystrons

such as the S-band klystron used in touethputhresultsaon r9sklts.
KEKB, can be simulated by Arsenal-
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5..E-2 I..-2

Z0. z M Z CM)-1 . 4.7E- I

Fig.3 Particle trace of the electron gun region Fig.4 Particle trace of the TW structure of #9
by the code using "MAGIC". klystron.

MSU, which was developed at MSU and can simulate from a gun to a collector, and FCI [3].
However, no available simulation-codes, except for the ID code "DISKLY", were able to
simulate a TW structure. "DISKLY" uses a port approximation and equivalent circuits in TW
structures.

Fig.2 also shows the simulation results. The experimental output power of the #8 klystron
was about half that obtained by
"DISKLY". The difference is probably ,
due to an insufficient port model and/or Beginning
a limitation of the I D code, which does
not consider beam blowup, of the TW.

In order to simulate a klystron .

precisely, we started to use a 2.5D)
particle-in-cell (PIC) program
"MAGIC", which is used in plasma-
physics problems. In "MAGIC", neither 0.6

a port approximation nor an equivalent-
circuit model is. used, and only a
geometry of the structure is necessary to N~

be input. By using a general program 0.4

("MAGIC"), one can modify and
develop a simulation system by oneself
even if a new idea for klystrons occurs.

In the simulation, the klystron is
divided into three parts (gun, buncher 0

and output). In the gun region [4], the
calculated perveance agreed well with
the experimental one, and a similar
profile of the current density to that of 04 . • . ,

40 4125 425 4375 45 4.625 4.75E-I"EGUN" [5] was observed. Fig.3 shows U

Z (M)Z CM)

the particle trace of the XB-72K Fig.5 Electron momentum (yv) change at TW structure
klystron. The particle data (r,zuPrPzPe ) of approeelatron andecelent thecbesinnTW
are exported to the next buncher section ofu#. bu ex elect are dcelerated at the beginning,.

wbutaacceleratedaat5thenend.

"DISKL". Th diferenc is rob-155-0



In the buncher, particle traces and i put 2 3 4 TW
development of a harmonic current in 1.4------------.......
the drift tube were observed [6]. Also, I1(1 1.424G)/I0
the particle data are exported to a next 1.2 . -12(2f0)/10 .TW structure. After an approximation 1 3(3f0)/10 .!...
of the 3D output waveguide into 2D " -

[7], the output power and the particle E 0.8 . - - -

trace (Fig.4) can be calculated. The g /
output power calculated by the code 2 0.6
using "MAGIC" agrees well with the • 0.4 .-
experimental results as shown in C 1.. 11

Fig.2. 0.2 . . /, - . A -

he #8 and #9 klystrons were a.-

analyzed using "MAGIC". It was 0 _ '

found that a rather poor efficiency of 0 50 100 150 200 250 300
the #8 klystron results from a large from input cavity [mm]
deceleration at the beginning of
output structure, which results in
particle acceleration at the end; also, Fig.6 Development of harmonic currents simulated by using
the energy-conversion efficiency "MAGIC". (#9 klystron)
(from beam to rf) becomes low
(Fig.5). Although the output structure of the #9 klystron has been found not to be bad, the small
gain of the harmonic current (I,/Io=1.3: as shown in Fig.6) causes a low output power. A longer
drift length and/or a modification of the cavity configuration are desired for a larger harmonic
component.

4. Prototype #10 klystron

The next XB72K #10 klystron was designed using "MAGIC". A longer drift length and an
additional penultimate cavity were adopted in order to increase a harmonic component
(I,/I0=1.55) and stagger tuning was applied for a wider band-width (60MHz @#9 klystron to
100MHz @#10). The basic output structure is 2/3it-mode in order to reduce the surface fields
(the wave length of each cell is longer than in the l/21r-mode). By modifying the output cells, a
fairly constant gradient (the maximum surface field 20% less than #9 structure) was achieved.
An output power of 120 MW was being obtained in the simulation. The design parameters are
summarized in Table 1. XB72K #10 is now being manufactured and a high-power test is
scheduled to start from this November.

5. Summary

X-band klystrons designed for the JLC projects are summarized. The test results of the #8
and #9 klystrons have been compared with the newly developed simulation code using
"MAGIC". The simulated output power agrees well with the experimental results. The analysis
by "MAGIC" revealed that the TW structure is not optimal for the #8 klystron. It has also been
found that the insufficient configuration of the rf cavities and the short total length cause a low
output power (#9). The next #10 klystron was designed using the code, and an output power of
120 MW was obtained in the simulation. The klystron will be tested from this November.
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Abstract

Potential applications for millimeter wave radar include high resolution imaging, precision
tracking and cloud physics studies. For most of the applications in the millimeter wave
band the relatively high atmospheric absorption necessitates the use of high power sources.
In addition, many of the applications call for extended instantaneous bandwidth. Recent
investigations at Naval Research Laboratory have been focused on enhancement of the
power-bandwidth product in millimeter wave gyro-amplifiers. Both gyroklystron and
gyrotwystron type circuits have been investigated to achieve this goal. The two cavity
gyroklystron circuit at Ka-band produced 210 kW output power at 37% efficiency with a
125 MHz FWHM bandwidth [1]. A three-cavity Ka-band gyroklystron achieved 225 kW
peak output power with 286 MHz FWHM bandwidth [2]. At W-band four cavity
gyroklystron circuit produced 60 kW peak output power at 25% efficiency with a 640 MHz
FWHM bandwidth [3-4]. The gyrotwystron circuit achieved 50 kW peak output power at
17% efficiency with 925 MHz FWHM bandwidth [5]. This represent a record power-
bandwidth product at W-band. The experimental results are in excellent agreement with
theoretical predictions. Transition of the gyroamplifier technology into millimeter wave
radar systems will offer significant improvements in radar detection, imaging and tracking.

Ka-BAND GYROKLYSTRON EXPERIMENTS

A schematic of the three-cavity, gyroklystron amplifier experiment is shown in Fig.
1. An electron beam of up to 12 A is produced from a thermionic, double anode
magnetron injection gun by applying voltages of 65-75 kV. The magnetic field at the
cathode can be varied with the gun coils to control the beam velocity ratio, a (v±/vz).
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The beam is adiabatically compressed as it enters the region of high magnetic field
(approx. 13 kG) generated by the 14 coil superconducting magnet. The three cavities
of the gyroklystron circuit are positioned in the region of constant magnetic field. Each
cavity operates in the TE011 cylindrical waveguide mode. Drive power is directed into
a passive TE411 coaxial resonator which surrounds the TE01, input cavity. Power is
coupled to the circular-electric mode inside the inner cavity by four axial slots placed
every 90 degrees in azimuth. The measured cold resonant frequency of the input cavity
is 34.89 GHz and the loaded QL is 188 (primarily diffractive due to the coupling slots).
The intermediate (buncher) cavity employs an annular ring of lossy ceramic against the
upstream endwall to provide the desired cold-test QL of 194 and a resonant frequency
of 34.62 GHz. The downstream end of the output cavity employs an outward radial
step and a nonlinear uptaper to achieve a cold-test QL of 175 and a resonant frequency
of 34.83 GHz. The frequency upshift due to the presence of the electron beam is
approximately 70 MHz. The drift tubes between cavities are loaded with lossy ceramic
rings to suppress instabilities.

DOWNTAPER SUPERCONDUCTING MAGNET OUTPUT WINDOW
GUN COILS.CIRCUIT. PCU

PICKUP
ANTE NNA

ELECTRON/

GNINPUT UPTAPER BEAM7..

WAVEGUIDE DUMP VACUUM ý ANECHOIC
PUMPING CHAMBER

FIGURE 1. Schematic diagram of the Ka-Band gyroklystron experiment.

A 3.81 cm, half-wavelength thick BeO disk positioned immediately after the
pumping manifold functions as the output window. The experiment employed two
different diagnostic systems for measuring output power. The main diagnostic was an
anechoic chamber joined to the output waveguide which had an absolute accuracy of
8% and a relative accuracy of 0.25%. A high-average power calorimeter with 5%
absolute accuracy was also used to confirm the higher power measurements.

Systematic studies were performed over a wide range of operating voltages, currents,
magnetic fields, and drive frequencies. A peak power of 225 kW at 34.90 GHz, with a
-3 dB bandwidth of 0.82%, a saturated gain of 30.3 dB, and an efficiency of 32% was
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obtained [2]. These values were measured with a beam voltage of 70.2 kV, a current of
10 A, a magnetic field of 13.1 kG and a pulse width of 2 gs. The beam velocity ratio a
was determined to be 1.27 ± 0.05 using a capacitive probe placed just upstream of the
input cavity. The frequency response for this case is shown in Fig. 2.

Additional enhancements in bandwidth were achieved with magnetic field
adjustments and changes in beam voltage and current, at the expense of output power.
For example, raising the voltage to 73.10 kV and the nominal magnetic field to 13.40
kG produced a -3 dB bandwidth of 0.94% but with a lower peak output power of 200
kW (shown in Fig. 3). The beam current was 10 A, and the efficiency was 27.5% for
this case. Detailed studies of how the bandwidth varies with operating parameters will
be presented, along with comparisons to theory. In general, the measured bandwidth of
the three-cavity device is 2.0-2.7 times as large as that obtained from the previous two-
cavity gyroklystron experiment [1].

250
225 kW•g: 25 W ..-.--- ••.. V =70.2 kV

, 20 31% efficiency I= 10.0 A
200 30 dBgain

0 S150

-3dB
S100 0.82%

- 50 _

0 . .
34.6 34.7 34.8 34.9 35 35.1 35.2

Frequency (GHz)

FIGURE 2. Experimental frequency response of 3 cavity Ka-band circuit at 13.10 kG.
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FIGURE 3. Experimental frequency response of 3 cavity Ka-band circuit at 13.40 KG.

W-BAND GYRO-AMPLIFIER EXPERIMENTS

Several TE011 mode W-band gyro-amplifiers amplifiers operating near the
fundamental cyclotron frequency have been built and tested. Each circuit consists of
four or five interaction sections separated by drift sections cutoff to the operating
mode. For each circuit, a coaxial drive cavity, similar to that described above for the
Ka-band experiment, was used. The input cavity parameters were determined through
theoretical modeling with HFSS, a finite element code that computes field
distributions and S-parameters for passive 3D structures.

As in the case of the Ka-band buncher cavity, the desired Q values (100-200) of the
intermediate cavities are achieved by ohmically loading the cavities with rings of lossy
ceramic placed at one end of each cavity. In the output sections, where no ceramic
loading is used, power is diffractively coupled through a 5 degree linear uptaper to the
collector radius. For each circuit, the parameters of the intermediate cavities and the
output cavities/sections were determined through cold test measurements. A 2 kW
peak power, mechanically tunable Extended Interaction Oscillator was used to supply
the drive power. The tests were typically performed with 2 jtsec pulses at 250 Hz for
0.05% duty. The measured results for five recently demonstrated W-band gyro-
amplifier circuits are shown in Table 1.
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TABLE 1. Measured performance of NRL W-band gyro-amplifiers.

Circuit Peak Output Efficiency Bandwidth- Gain (dB) Power x BW
Power (kW) (%) (MHz) (kW-GHz)

WGKL1 67 28 460 29

WGKL2 60 25 640 27 38.4

WGTWY1 50 18 925 30 46.3

Results from the WGKL1 circuit [3], which was used to benchmark the design tools,
and WGKL2 [4] have been previously reported.

In the four section WGTWY1 circuit, the output cavity was replaced by a traveling
wave section to maximize the bandwidth of the device. Figure 4 shows the measured
and theoretically predicted peak output power and efficiency versus drive frequency
for a 57 kV, 5 A electron beam. As shown in Fig.4, the measured FWJHM bandwidth
was 925 MHz and the peak output power was 50 kW, corresponding to a power-
bandwidth product of 46.25 kW-GHz [5]. This power-bandwidth product represents a
significant increase over the power-bandwidth product of the gyroklystron amplifiers
(see Table 1). The measured data and predictions of non-linear theory are in good
agreement. The cavity and output section parameters are also indicated on the plot.
The traveling wave output section has a measured Q of 70, which is 15% below the
minimum diffractive Q.
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FIGURE 4. Measured (filled circles) and theoretical (solid line) peak output power and efficiency

versus drive frequency for the WGTWY 1 circuit.

SUMMARY

Several multi-cavity Ka-band and W-band gyro-amplifiers have been experimentally
demonstrated at the Naval Research Laboratory. Each circuit was designed to
optimize certain aspects of performance such as output power, bandwidth, or gain. A
three-cavity, Ka-band gyroklystron amplifier has demonstrated a peak output power of
225 kW at 34.90 GHz, with a -3 dB bandwidth of 0.82%, 30 dB saturated gain and
31% efficiency. A four-cavity gyroklystron amplifier has achieved 60 kW peak output
power at 25% efficiency with 640 MHz bandwidth. A four section W-band
gyrotwystron demonstrated 50 kW peak output power at 925 MHz bandwidth. Both,
Ka -band and W-band, experiments demonstrated a record power-bandwidth product.
The success of the experiments was due in large part to a battery of improved large-
signal, stability and cold test codes employed in the modeling and design stage [6].
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INTENSE BEAMS: THE PAST, PRESENT, AND FUTURE*
G. Yonas, M. A. Sweeney

Sandia National Laboratories, Albuquerque, NM 87185-0151

INTRODUCTION

Nobody could have predicted the circuitous course of the last 30 years of progress in
intense beams and pulsed power. There were many discoveries and twists and turns along the
way, but the steady flow of understanding and technological advances has sustained the field.
Pulsed power research began in the early 1960s with the development of the technology to
test the reliability of nuclear weapons in a pulsed radiation environment. Because of the effort
in the 1970s on an electron beam approach to inertial confinement fusion (ICF) at Sandia
National Laboratories and at the Kurchatov Institute, simulation codes, diagnostics, and
innovative pulsed power techniques such as self-magnetic insulation were developed. The
electron approach ended in 1979, and the more promising ion approach continued. At the
same time, z-pinches, used since the early 1970s to evaluate the response of materials to keV
x-rays, were considered as an alternative to drive ICF capsules. The use of z-pinches for ICF
was discontinued in 1984 because of budget cuts and the belief that ions offered a route to the
standoff requirement for energy applications. Now, in 1998, because of budget limitations and
the 1995 discovery that the soft x-ray power achievable in a z-pinch implosion can be greatly
enhanced, the ion approach has been suspended, and a new facility, X-1, is proposed to
achieve high yield in thelaboratory with z-pinches.

In this paper we review the research paths that led to these changes, describe the present
status of z-pinches, and predict what the future holds. Although nobody can predict the future,
the past 30 years have taught us some lessons that can be applied to the next 30 years. The
paper concludes with some of these "lessons learned."

THE PAST

Intense beam research is based on pulsed power capabilities developed to provide
bremsstrahlung sources of short duration for testing the resistance of weapons components to
nuclear radiation bursts at what is now called the Atomic Weapons Establishment in
Aldermaston, England, under Charlie Martin.' There, a series of ideas led to the first pulsed
power accelerator, SMOG, in 1964 and formed the basis of the prolific international pulsed
power technology that exists today and includes research at Sandia, Cornell University, Naval
Research Laboratory (NRL), Physics International (PI), Maxwell Technologies, Los Alamos
National Laboratory, the Blackett Laboratory at Imperial College, Weizmann Institute,
Forschungszentrum at Karlsruhe, Nagaoka University, the Institute of High Current
Electronics, Kurchatov, Arzamas, and the Triniti Institute.

In the United States, pulsed power technology has mainly been funded by the
Department of Energy and the Defense Special Weapons Agency. Short-pulse energy storage
devices at Sandia during this early period (SPASTIC, Hermes I and II, Nereus, Hydra)
produced an electron beam at the cathode from the explosion of small whiskers as the diode
current increased, or produced an x-ray source to provide high-dose-rate radiation for
weapons effects testing and to assess the response of materials to rapid energy deposition.

*This work is supported by the US. Department of Energy contract DE-ACO4-94-AL85000.
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Figure 1. Timeline showing highlights in intense beams and pulsed power technology, beginning with operation

of the first subm icrosecond pulsed power device in 1964.

Energy in a pulsed power accelerator is taken slowly from local power grids stored in a
bank of high-voltage capacitors, called a Marx, quickly discharged in a microsecond, and
compressed in time in a coaxial pulse-forming line using a high-speed switch to get high
power. Power is then compressed in space in the accelerator center to get high power density.
Over the years, the problem of transporting the electromagnetic energy at increasingly higher
power density has been addressed by improved design of pulse-forming components,
selection of dielectrics of higher breakdown strength, use of self-magnetically-insulated
transmission lines, and laser triggering to synchronize pulses in separate, azimuthally-
arranged modules. Technological advances have occurred since completion of PBFA II, the
largest pulsed power accelerator, in 1985. One of the most significant of these is the efficient,
compact, and versatile linear voltage addition in the water sections of Hermes III and SABRE.

In a pulsed power accelerator, electrons or ions are produced by forming a plasma
between two electrode surfaces and accelerating the particles across a small inter-electrode
gap. Specific geometry and magnetic field configurations produce electron flow or, instead,
suppress this flow using a "virtual cathode" that enhances the flow of ions and, with space
charge and current neutralization, allows ions to propagate ballistically or in a current-
carrying channel to a target.

In the early 1 970s, it was recognized that the electrons could be concentrated to high
enough intensities for ICF.2 In 1976, 106 fusion neutrons were obtained on Angara at
Kurchatov by heating a gold foil with reflexing electrons and using a multiple shell target
containing deuterium. The following year, Sandia obtained fusion neutrons from the "4
target" on REHYD, by electrical breakdown along a CD2 wire embedded in a capsule that
both preheated the fuel and established a magnetic field to reduce energy losses during the
implosion.3 Also, at NRL and Sandia, electron beams were propagated several meters to a
target in a plasma channel containing a strong magnetic field. Soon, however, it was
recognized that ions have better properties for igniting the fuel because of their shorter range
in materials and the absence of bremsstrahlung that can degrade the fuel compression. In 1968
Graybill and Young at Ion Physics Corporation discovered, for low ye/ye beams, that the
collective effects of a large number of electrons could be used to accelerate a smaller number
of ions to high energies; during the 1 970s these studies were extended to high ye/Ye beams.4
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Nevertheless, until the late 1970s, efficient ways to produce intense ion beams had not been
devised. Then, rapid progress at Cornell, Sandia, and NRL changed the program emphasis
from electrons to light ions, and facility development underway to produce electrons (PBFA
I) was reoriented to produce ions. The more promising ion approach grew and continued as
we learned more about diagnostics, theory, instabilities, and beam propagation.5

An issue for inertial confinement fusion with electrons and ions, and with pinches as
well, is to be able to transport the charged particles or x-rays a considerable distance in order
to protect the accelerator hardware from the intense radiation environment. In the 1970s and
1980s,- experiments 6, were done to focus and guide a high-current electron beam many
meters. Using a foilless diode with a system of lenses and solenoids was found to produce a
fairly-laminar (cold) beam of small diameter compared to the use of a foil diode with a gas
transport system. At the same time as the emergence of the ion approach, z-pinches, which
had been produced since the early 1970s as an energetic source of keV x-rays,8 were
examined as a way to generate soft x-rays to drive a capsule. When the z-pinch approach died
because of the standoff needed for energy applications, two parts continued-phonon-pumped
x-ray laser research for the Strategic Defense Initiative and K-shell x-rays for radiation
effects. Researchers at that time tried to maximize the x-ray energy from pinches, rather than
maximizing x-ray power as we are doing now, by driving hollow gas puffs, thin metal foils, or
a few wires on Proto II and Saturn at Sandia, on Double Eagle at PI, and on Blackjack 5 at
Maxwell. Then, in the early 1990s, the impending cessation of underground testing created a
need to test the predictions of simulation tools over a broad range of x-ray pulse widths and
energies to guarantee the safety and reliability of nuclear weapons. A 1994 "PBFA Z" project9

to design a z-pinch version of PBFA II to fill in existing gaps in radiation effects testing then
led to the discovery in 1995 on Saturn that many fragile wires, rather than just a few,'0 strung
on spool-sized hardware could greatly enhance the soft x-ray power output.'1

The major issues for ions were whether the electromagnetic energy could be converted
efficiently to a single-species ion beam and whether that beam could be focused onto a
hohlraum at a sufficient intensity to generate x-rays that would then compress a capsule.
Unfortunately, the high ion current causes collective effects that defocus the beam unless
electromagnetic instabilities are carefully controlled. Particle-in-cell simulations have
demonstrated that high magnetic fields and metal limiters can be used to keep the instability
in the less damaging, high-frequency diocotron mode for which the ion divergence does not
grow.12 A 15-mrad beam divergence was obtained in 1984 for protons on Proto I and, the
following year, these experiments were successfully scaled to the higher current and larger
diode on PBFA I. Sandia, Cornell, and Osaka experiments indicated that the beam divergence
would decrease with an increase in ion mass and lithium had an optimal range, so PBFA II
was designed for singly-charged lithium. With the decision in 1983 to convert the accelerator
energy into lithium ions instead of protons, a voltage of 30 MV was needed, and this was to
be obtained with a magnetically-controlled plasma opening switch; however, the voltage
attained on PBFA II never got much above 10 MV. The lithium power density has not yet
exceeded 2 TW/cm2, although scaling from the 1.5 TW/cm 2 and 5 TW/cm 2 achieved with
protons on PBFA I and PBFA II, respectively, had predicted 100 TW/cm 2 on PBFA II with
lithium, even without a decrease in divergence.5 Difficulties were also encountered with
achieving a high-purity, uniform, preformed lithium ion beam via a variety of active sources
(the Laser EVaporation Ion Source, or LEVIS, the Laser Ionization Based on Resonant
Saturation, or LIBORS, source or the Electrohydrodynamic, or EHD, source) in spite of using
high magnetic fields, discharge cleaning, and anode heating to remove contaminant ions
resulting from thermal and stimulated desorption of the anode surface and subsurface layers.
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THE PRESENT

In 1998, because of budget limitations and discovery of the more promising approach
using wire arrays, the tables have turned, with the ion vs. z-pinch decision of 1984 reversed
and the ion approach suspended. Since the first z-pinch radiation shot on Z (the renamed z-
pinch modification of PBFA II) in October 1996, an x-ray power of 290 TW 13 has been
achieved on Shot 179 (Fig. 2), our understanding of the role of magnetohydrodynamic
instabilities in the z-pinch implosion process has increased, x-ray yields for effects testing
have increased an order of magnitude, 14 to 150 kJ for titanium wire arrays at > 4.5 keV and,
as shown in Table 1, four milestones have been exceeded (150 TW, 1.5 MJ, 100 eV in a static
hohlraum, 150 eV in an imploding hohlraum). Diagnostics added to Z include an end-on x-ray
pinhole camera to provide time- and energy-resolved images of the imploding plasma, a time-
integrated, space-resolved crystal spectrometer, and a velocity interferometer to provide a
measure of hohlraum temperature that is independent of the more traditional XRD- and
spectrometer-based data. With the application of a concept, developed by the ICF community
and tested on Livermore's Nova laser, of using a hohlraum to contain the soft x-rays,"5 Z is
now used for high energy density physics experiments that were previously limited to high-
power lasers. And, with recent increases in hohlraum temperature to >150 eV, Z is becoming
a route to the X-1 concept for high yield and for simulating the entire cold (<10 keV) and
warm (>10 keV) x-ray environment. The latest turn of events is scaling of the design of the
National Ignition Facility target concept to X-1 conditions.

Table 1: Achieved pulsed power milestones for Z performance
Required Achieved Date

Milestones Value Value Achieved
x-ray energy 1.5 MJ 2.0 MJ Nov. 1996, 1.8 MJ

Mar. 1997, 2 MJ
x-ray power 150 TW 290 TW Nov. 1996, 200 TW

Jan. 1998, 290 TW
hohlraum temperature for 100 eV 150 eV Apr. 1997, 100 eV
weapons physics Oct. 1997, 140 eV
applications Apr. 1998, 150 eV
hohlraum temperature for 150 eV 155 eV Aug.-Sept. 1997, 140 eV
capsule compression Mar. 1998, 155 eV

THE FUTURE

This admittedly incomplete recounting of past history shows that optimism and
perseverance, along with innovation and creativity, are necessary virtues for people in this
field. In this spirit, we can predict that by continuing in the path of the past 30 years, and with
expanded cooperation with universities, industry, and government laboratories around the
world, in the not too distant future we can achieve the first high-yield fusion conditions in a
laboratory on X-1 by 2010 and then go on to begin a fusion power plant exploration
beginning in 2020 and, perhaps, to practical energy applications by the middle of the next
century, if a method can be devised to allow standoff with z-pinches or with some
combination of ions and pinches. The design for X-1 should be flexible enough to fulfill three
objectives: a high-yield fusion output of 200 to 1000 MJ to address the long-term mission of
the National ICF program, a flexible, well-characterized source for weapons physics
applications, and a cold (<10 keV) and warm (10 to 80 keV) x-ray environment for radiation
effects testing.
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Complex technical problems remain to be solved. One is whether a factor of three
higher current (60 MA) can be crammed into the same size hohlraum as used on Z (5 cm3).
The reason this enormous concentration of power into small cavities works-magnetic
insulation-was discovered almost 30 years ago at Kurchatov, PI, and Sandia. Recently, a gap
of 1.5 mm between the wires and the hohlraum wall, compared to the conservative 5-mm gap
we started with, has stayed open, allowing further increases in the energy coupled into x-rays
and decreases in radiation losses. Other issues are whether the efficiency of conversion to x-
rays stays at the 15% level seen on Z, whether instabilities remain under control, and whether
we can achieve the symmetry and shape of the radiation pulse onto the capsule that computer
simulations suggest are needed. Three distinct hohlraum concepts to get high yield are shown
in Fig. 3.i1'16 The z-pinch loads on X-1 will require more massive wires or a return to the use
of foils, but with the preferential vertical current flow direction embedded in the foils, and,
perhaps, the design of a more spherically symmetric z-pinch load.

At present, the expectations for future commercial applications are higher for deeper
penetrating hard x-rays and particle beams than for soft x-rays. The pulsed beam applications
would include destruction of organic wastes, large-scale food sterilization, and low cost
surface treatment of materials. However, intense soft x-rays can be expected to provide
practical tools for novel applications such as the ability to study features in the several
hundred angstrom range in physical materials and biological samples and a lithographic
technique to imprint submicron-scale electronic circuit patterns on silicon memory chips.
And, with the techniques being developed on Z, biologists may be able to observe the
structure and dynamic processes of living cells at high spatial resolution over nanosecond
time periods.

LESSONS LEARNED

Nobody can predict or control the future, but optimism and perseverance are likely to
carry the day when the research foundations are valid. What are some of the lessons that we
have learned in the past 30 years that can be applied in the next 30?
"* Mother Nature is a hard taskmaster, and difficult problems such as stockpile stewardship

and fusion demand enormous patience, dedication, innovation, and skill.
"* We learn by a gradual increase in knowledge that is gained by the efforts of many people

at various stages in their careers and with various educational backgrounds who practice
their craft in a large variety of research settings. The open sharing of information-
locally, nationally, and internationally--is the best way to make progress.

"* Empirical discoveries happen, and we must be alert to notice them and to understand what
these serendipitous discoveries are telling us about the next step to take.

"* Government funding of basic research plays an irreplaceable role in this process.
Experience in industry and in the national laboratories has shown that private industry
would not be able to pick up the slack if this government funding were not provided.
Government funding, particularly in the early stages, allows researchers not just to stick
with the "sure thing" but to engage in risky, but innovative, research that leads to practical
applications.

Basic scientific research is underfunded everywhere and that fact should be, and is, driving
more and more cooperation. The problem is how to make that happen while still having open
competition that brings out the best in everyone. The answer is to both cooperate and to
compete.
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accelerators and from comparatively simple on the proposed X-J: a) an imploding liner (or
analysis of radiation sources to modeling the dynamic) hohlraum, driven by a nested array of

interaction of the magnetic fields, the radiation, wires or a metal liner, with the capsule imbedded in
and the moving plasma with high-performance foam; b) a central static-walled hohlraum with z-

computers. pinch x-ray sources at either end; and c) a central,
vacuum hohlraum with imploding arrays or liners
at each end that is isolated from the capsule by
burn-through barriers and shine shields.
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ABSTRACT

In the past three years, tremendous strides have been made in x-ray production using high-
current z-pinches-'. Today, the x-ray energy and power output of the Z accelerator6 (formerly
PBFA II) is the largest available in the laboratory. These z-pinch x-ray sources have great
potential to drive high-yield inertial confinement fusion (ICF) reactions at affordable cost if
several challenging technical problems can be overcome. Technical challenges in three key areas
are discussed in this paper: the design of a target for high yield, the development of a suitable
pulsed power driver, and the design of a target chamber capable of containing the high fusion
yield.

INTRODUCTION

The Z accelerator at Sandia National Laboratories now produces a peak x-ray output energy
of 1.8 MJ and a peak x-ray output power of 280 TW from a z-pinch driven at approximately 20
MA. Optimization of z-pinch behavior on the Z accelerator and three prior generations of
accelerators (Saturn at 10 MA, Proto II at 5 MA, and SuperMite at 1.5 MA) has shown that the x-
ray energy output from high-current z-pinches scales quadratically with z-pinch current. This
scaling is in agreement with simple zero-dimensional analytic theory. For fixed output pulse
width, the x-ray power also scales quadratically with current. When the z-pinch is used to drive a
hohlraum, the hohlraum radiation (aT4) is proportional to the z-pinch source radiation (I2), and
the hohlraum temperature is proportional to the square root of the z-pinch current. These basic
relationships, demonstrated conclusively on the Z accelerator, indicate that a single accelerator
with about three times the current of Z (or about 60 MA), or two accelerators, each having about
twice the current of Z (or about 40 MA), should be sufficient to drive a fusion capsule to high
fusion yield. The features of this accelerator, called X-1, are discussed in this paper. It is a
remarkable result that the energy conversion efficiency, from electrical energy stored in the Marx
generator to x-ray energy produced in a short pulse by a fast z-pinch, exceeds 15% on the Z
accelerator. The implications of this result are that sufficient x-ray energy can be produced at
modest cost in X-l to drive an ICF capsule to high yield.

*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin

Company, for the United States Department of Energy under Contract DE-AC04-94AL85000
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REQUIREMENTS FOR HIGH YIELD

The capsule design criteria for high fusion yield come from multi-dimensional target
calculations. With an x-ray energy greater than 10 MJ, x-ray power greater than 1000 TW,
hohlraum temperature greater than 225 eV, radiation asymmetry smaller than 1-2%, and a
temporal pressure profile at the capsule ablation surface appropriate for nearly isentropic
compression of cryogenic fusion fuel, calculations give yields in the range of 200 - 1200 MJ.
The X-1 facility, which is being explored at the pre-conceptual level now, will be designed to
produce 16 MJ and 1000 TW of x-rays, and a hohlraum temperature of 300 eV. Three ways to
provide radiation symmetry are being explored, as depicted in Figure 1. The first approach
separates the x-ray source from the fusion capsule by placing a z-pinch x-ray source on each end
of a cylindrical hohlraum containing the fusion capsule, much like the existing heavy-ion-driven
ICF target designs. In this design (la), each z-pinch produces radiation when it stagnates on the
axis, and the radiation fills a stationary hohlraum containing the fusion capsule. In the second
approach (lb), the z-pinches strike a central cylinder which is filled with a low-Z gas or foam.
The combination of the strike upon the cylinder and the final stagnation of the combined z-pinch
and cylinder mass provides a pulse-shaped x-ray input for the ICF hohlraum. In the third
approach (1c) a single z-pinch drives a dynamic hohlraum which also contains the fusion capsule
inside a density-tailored foam at the interior of the cylindrical, or quasi-spherical, z-pinch. In
going from l a to 1 c, the hydrodynamic risk of non-reproducible z-pinch behavior or of a
hydrodynamic interaction between the z-pinch(es) and the fusion capsule is increased, but
progressively smaller v6lumes must be heated, and higher drive temperatures become possible.
The required time-dependent pressure profile at the capsule ablation surface can be provided by a
combination of time-dependent x-ray pulse shaping and pressure tailoring via material layers in
the capsule ablator. In order to achieve high yield in an efficient manner (i.e., achieve high gain
at the same time), the fusion fuel in the capsule must be initially cryogenic, and the fuel must be
compressed to a density of more than 100 times liquid density on an adiabat whose pressure is
not more than a factor of about 4 from the Fermi-degenerate value at the same final density.

Z-pinch driven Static-walled Imploding liner
hohlraum hohlraum hohlraum

a b C

Figure 1. Three target configurations for high fusion yield.
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PULSED POWER DRIVER

The pulsed power driver for X- 1 consists of four basic sections: the energy storage section,
the dielectric pulse forming section, the power transition section, and the vacuum power flow
section. Several alternative design options are being evaluated in a pre-conceptual design study.
A representative sketch for a driver topology similar to that of the Saturn and Z accelerators is
shown in Figure 2. In the particular design shown, there are 144 Marx generators, 288 dielectric
pulse forming lines, a single centrally located vacuum insulator stack, and a six-feed conically
shaped vacuum power flow section.

Figure 2. A representative sketch of the pulsed power driver for X-1

Efficient flow of electromagnetic power in vacuum is a major challenge in the X-1 design.
Even with no ICF capsule being driven, the magnetic pressure produced by the flow of a 60 MA
current to a 10 nH z-pinch will be in the Mbar range. Sustaining an open channel for this
electrical power for 100-200 ns through anode-cathode gaps in the range of 2-5 mm in the
presence of radiation from the imploding z-pinch is a key technical issue for X-1. Recent
experiments on the Z accelerator with a 1.5 mm gap, a drive time of 110 ns, and a current per unit
length (I/2nr) of about 2.4 MA/cm have been very successful, but these results have not yet been
scaled to the level required for X-1 (5-8 MA/cm). In addition, other recently obtained data from
experiments on the Saturn accelerator indicate that greater overall efficiencies than 15% can be
achieved by using a longer z-pinch implosion time than 110 ns, but in order to scale these results
to X-1, the requirements placed on the power flow channel to remain open will be even more
demanding.

YIELD CONTAINMENT

Containment of the pressure pulse and activated debris produced by a high-yield ICF capsule
is a particularly challenging task for X-1. At a yield of 200 MJ, with 40 MJ in x-rays, the
hydrodynamic pressure pulse will be about four times that produced by the 16 MJ of x-rays from
the z-pinch alone. The neutron output of 160 MJ will activate target region hardware, and ar
important task will be to minimize activation outside this region. A sketch of the target chamber
area for X-1 is shown in Figure 3. The final design must include cryogenic target insertion,
neutron and x-ray diagnostics, and isolation of activated debris using explosive closures.
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Figure 3. A sketch of the X-1 target chamber area

CONCLUSION

The successful experiments on the Saturn and Z accelerators in the past three years have
provided new insights into the fundamental behavior of fast high-current z-pinches. The large
levels of x-ray energy and x-ray power produced by these z-pinches, and the experimental
evidence that their gross behavior follows simple scaling laws, suggests that they may be able to
drive fusion capsules to high fusion yield. Preliminary scoping investigations have identified a
number of important teghnical challenges associated with high fusion yield, and the potential
solutions to these challenges are motivating further experiments on the Saturn and Z accelerators,
and an increased number of target, accelerator, and yield containment design options for X-1.
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Abstract

A new induction accelerator "ETIGO-IlT' has been developed to generate high current
relativistic electron beam for applications in materials science, high-power microwave
generation and intense X-ray generation.

Using the Marx generator of "ETIGO-P', we have produced the initial pulse of 670kV
(60 ns pulse width). Through the four transmission lines, the pulse was fed to four induction
cells. Three cores are installed inside each cell. The output voltage of 2 MV was obtained by
the initial cell. Specifically, it is possible to obtain the final output parameters of 8 MeV, 5
kA, 60 ns. Various diagnostics have been carried out on the characteristics of the electron
beam generated by "ETIGO-I'I". The beam currents at different cells were monitored by
Rogowski coils. The cross-sectional view of the electron beam was observed by damage
pattern on acrylic plate.

1. Introduction power microwave generation and intense X-

ray generation [1].

A new induction accelerator "ETIGO- Figure 1 shows the block diagram
Hr' has been developed to generate high of" ETIGO-III". Using the established
current relativistic electron beam for pulsed power generator "ETIGO-I" [2],
applications in materials science, high- the initial pulse (670kV, 132 kA, 60 ns)

Diode Magnetic Cores Gap Voltage 2 MV

Output

j7 Lj *E- Beam

8 MV,
5 kA,

L 2 __50 ns

Transmission ki~nes

Marx Pulse Forming
Generator Line C

Output Voltage 670 kV

Fig. 1 Block diagram of the induction accelerator, "ETIGO-Ill'.
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Table 1 Specifications of the amorphous cores..

Cell No. !Material0 D D, W S AB V-t
l M (rm) (nM) (amm) (N2) T )

A/B692 A0292 5O.8x3 0.03 1.76 0.053
(AClO 92lie

.ar.c, volutef, C/ TDK 0 700 0300 96xl 0.019 L77 0.034

S/" • • " Aceelk bti.CG.~ i

"-"-- I-, -'. -,'- ,

Fig.2 Inner structure of the induction cell. ,t. .
t (ns)

Fig. 3 Voltage waveforms on the grading rings.

is generated. Through the four separated into three cores, each core is
transmission lines, the pulse is fed to driven by the current of 11 kA. The current
four induction cells,. Three cores are of - 4 kA is flown to excite the core. The
installed inside each cell, and the voltage is rest (7 kA) is flown toward the load.
added as 3 times ( 670 kV x 3 = 2 MV ) per The induction cell is filled with an
cell. Specifically, it is possible to obtain the insulation oil for high voltage insulation.
final output parameters of 8 MeV, 5 kA, 60 The interface between oil and vacuum in the
ns by using four induction cells, accelerating chamber is made by stacking

structure of 13 acrylic rings (29 mm thick)
2. Induction Cells and 14 aluminum rings (7 mm thick). When

the voltage of 2 MV is applied on the
Figure 2 shows the inner structure of interface, the axial electric field strength istheFinductiorelshos ce inner structred o 53 kV/cm. The interface structure has thethe induction cell. Three cores are installed conical shape to reduce stray capacitance,

inside each cell, by which 2 MV is obtained reutninhefsrseimofheupt
by the initial voltage of 670 kV. Iron-based resulting in the fast rise time of the outputamorphous cores AC10 (made by TDK) and pulse. The resistive voltage divider using
2605aSC (made by Allied) are used for a copper sulfate solution is installed outsidecells on the upstream side and the other two the interface to get the uniform voltagecells on the downstream side, respectively, difference between each grade rings. Thecels o th donsteamsid, rspetivly. total resistance of the divider is 2 k Qf.
Specifications of the amorphous cores are toalresi of the d er isl2age2 o
shown in Table 1. Inner diameter of the Figure 3 shows the measured voltage of
metallic bobbin to support the core is 259 each rings if the external pulsed voltage was
mm and outer diameter of the beam pipe is applied on the interface. As seen in Fig. 3,
165 mm. If the voltage of 1340 kV (= 670 good uniformity was obtained. A copper
kV x 2) is applied between them, the radial sulfate resister to measure the output voltage
electric field strength on the beam pipe is of the induction cell is also installed outside
360 kV/cm. the interface. Its resistance is also 2 kQ2. The

The initial pulse (670 kV, 33 kA, 60 ns) current of 1 kA flows each resistor. Finally,
is fed to each cell through the transmission the beam current of 5 kA can be obtained.
lines from "ETIGO-I". As this current is Inner diameter of the vacuum chamber
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I.. Fig. 4 Input voltage and output voltage.
"> 2 VO -2MV

1 -7kv670kV Diode Accelerating Gap

ret

0 100 200 300 111 III II.
Timet(ns) 1 2 3 4 5 6 7

2 - :•' Ed,,V ,.-.T 1- 100 B-0.2T.

I~d 
-

2O
>• 50

1 B - 0.12T
-- 0 b 0 0.

S-1 1 2 3 4 5 6 7

0 100 200 300 400 Position

Time t ( ns) Fig. 6 Beam transport efficiency with

Fig. 5 Diode voltage and beam current, the magnetic field density as a parameter.

is 500 mm and outer diameter of the beam 220 kV/cm.
pipe is 165 mm. When the voltage of 2 Coils are installed outside the beam
MV is applied on the acceleration gap the pipe in the induction cell and outside the
radial electric field strength on beam pipe is vacuum chamber to guide and
transport the electron beam. When pulse the coils from the external capacitor bank,
current with the duration of- 60 ms flow in the magnetic field of 0.3 T can be generated.

3. Transmission Lines induction cell and the second. This location
makes time difference less than 10 ns

The output of "ETIGO-r' and four between the timing that the beam crosses the
induction cells are connected with four acceleration gaps and the timing that the
transmission lines. The transmission lines, acceleration voltage is applied on the gaps.
filled with the insulation oil, have It should be mentioned that there are no
cylindrical shape, inner diameter of the outer problems on the jitter of the each driving
conductor is 159 mm and outer diameter of pulse. Thus, the stable operation has been
the inner conductor is 89 mm, giving the available by the procedure that the four
characteristic impedance of 23 '2. That is induction cells are driven by a single pulse
well matched with the output impedance of generator.

"ETIGO-I" (5 0 x4=20 2 ) and the input 4. Beam Test
impedance of the induction cell (20 9).
The radial electric field strength is 260
kV/cm when the voltage of 670 kV is Figure 4 shows the waveforms of the

transmitted. The connection of the input voltage into the induction cell and

transmission lines and the induction cells is the output voltage. The input voltage was

bellows joint for easy maintenance, measured by a static probe, while the output

The branch point to four transmission voltage by a copper sulfate resistive voltage

lines is located at the center between the first divider. The input voltage was - 700 kV, and
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the output voltage - 2 MV. We have found final stage is - 20 %, Very good transport
a factor of 3 increase by the voltage adder. efficiency of- 80 % has been achieved by
The pulse width of the output voltage was - increasing up to 0.2 T.
100 ns (FWHIM). The cross-sectional view of the electron

Figure 5 shows the waveforms of the beam was also observed by damage patterns
diode voltage and the electron beam current on acrylic plate located in each acceleration
on the first acceleration stage. Cylindrical stage. The damage patterns of each stage are
cold cathode (outer diameter 60 mm) was shown in Fig. 7. The beam had cylindrical
used in the test. The beam current was shape with outer diameter of -60 mm, that
measured by a Rogowski coil. The beam is consistent to the shape of the cathode
current of- 4 kA was obtained at the initial electrode. Figure 8 shows the maximum
accelerating voltage of 2 MV. depth of the electron-beam trajectory in the

We measured characteristics of the acrylic plates. These results show that the
beam transport through the four induction beam energy increases with increasing the
cells. The results of the transport efficiency number of the acceleration stage.
are shown in Fig. 6 with the magnetic flux Finally, we have found that there are no
density as a parameter. The current on the problems concerned with high voltage
position #1 shows the diode current of the insulation during the full power test in the
first acceleration stage. When the magnetic induction accelerator, "ETIGO-IIl".
field is 0.12 T, the transport efficiency to the

*~. 120

86
ft_________ ________________

(u) 2V (b)4 1. M 4

j:..•",, ':' ,: .' '' '. . , 2 . _.'._._ _.._ _:_2

0

12 3 4
Number of Acceleration Unit

i . t/Fig.8 Maximum depth of electron-
L beam trajectory in acrylic plate.

(c) 6 MV (d) 8 MV L

10 mm

Fig. 7 Electron-beam damage patterns.

5. Conclusions acceleration stage. The transport efficiency
through the four induction cells was 80 % at

New high-energy induction accelerator magnetic field strength of 0.2 T. It was
"ETIGO-HI" using iron based amorphous found that the beam energy increases with
cores has been constructed. By using four increasing the number of the acceleration
induction cells which involves three cores, stage.
the accelerating voltage of 8 MV was References
obtained when the input voltage was 670 kV [1] K. Yatsui: Proc. 11t IEEE Int'l Pulsed
The initial electron beam with the current of Power Conf., I, 13 (1997).
4.9 kA was generated in the first [2]K. Yatsui et al.: Laser and Particle

Beams 3, 119 (1985).
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ENERGETIC ELECTRON/ION FLOW AND MICROWAVE
RADIATION DURING POS OPERATION

Ya. E. Krasik, A. Dunaevsky, J. Felsteiner, and J. R. Goyer*
Department of Physics, Technion, 32000 Haifa, Israel

*Maxwell Technologies, Systems Division, San Diego, CA 92123

Results of experimental investigations of high-energy electron/ion beam generation
and transportation in the region downstream of a submicrosecond plasma opening switch
(Lpos<35kA, z-/4 _-300ns) are presented. Experiments were carried out with different loads:
short-circuit, high-impedance, and planar electron diode. It is shown that the electron/ion
beam appearance in the region downstream of the POS load occurs almost simultaneously
with the beginning of the inductive voltage, independently of the type of load. Generation of
high-power microwave radiation (fmw1OGHz, Pmw<_20OMW) was observed for all types of
loads.

The POS configuration, shown in measure the upstream ('u) and the
Fig. 1, consists of a coaxial anode and downstream (Id) currents. Voltage was
cathode with radii of 5cm and lcm, measured by an active voltage divider.
respectively. The POSulstream The electron/ion current density was

Ppole measured by collimated Faraday cups
OS (CFCs) without and with magnets. Ion

,RCd energy was estimated using the Time of
Ma Flight (TOF) method. The total current

and energy of the drifted beam was
measured by a movable Faraday Cup

SVP (FC), coupled with a calorimeter. Electron
VD energy was estimated from the FC data

with Al foils in front of the input aperture.
SPos ore. The potential of the drifted beam (Ib) was0 RCU RCd

F A FC measured by a high-voltage floating
probe. Microwave radiation was measured

CFC, using different waveguides (30 GHz, 10
GHz, and 2.5 GHz). In addition, we used
an array of fluorescent tubes placed 100

Fig. 1. Experimental setup. cm from the output window.
The first set of experiments was

inductance, Lu, is 450nH. Three types of carried out with Ld==50nH. Obtained data
POS loads were used: short-circuit coaxial (see Fig. 2 a,b) have shown that the
lines, planar electron diode, and high- beginning of the inductive voltage
impedance loads. The POS was driven by corresponds to the sharp rise of Id and Ib.
Marx generator delivering a negative The measurements of the beam
current pulse, Iu 3 kA and z-%_ 300 ns. propagation have shown a fast spread of
Plasma was produced by 4 erosion plasma the electron/ion beam with divergence of
guns. Rogowski coils were used to
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ox/2=- 17.50. The amplitude of the beam signal with ji<15A/cm 2. The average ion
current reached 1.5kA. In addition, there velocity measured by the TOF method
is a downstream current pre-pulse, which was found to be 7.10 8cm/s. The potential
occurs prior to the beginning of the of the beam was found to be qob<•-2 0 kV.
inductive voltage. 4.. Similar data were acquired when the

30 302. short-circuit inductance of Ld=l30nH was

•20 20 used.
lo 10Qualitatively the same results as

ej with short-circuit loads were obtainedS0:"-
with high-impedance loads. We have

>-o; '- -lo- observed downstream current and
4 -" I x0.2 powerful downstream beam, Ib(0. 5 -

.20 20 300 -2U- 0 .7 ).Id. It was found that with 40cm-
10 0 0 300 400 500

Time. _ns. length downstream electrode the sharp

30 30 rise of the downstream current is delayed
with respect to the beginning of the POS

0 2 inductive voltage, with larger time delays

10 0 being registered for shorter conduction
times. For shorter downstream electrodes,
the current starts almost simultaneously

f0 -0io0" with the beginning of the inductive
f= 2.5 GHz , -20.v ge

m 0 100 200 300 400 500 0 d
Time, [ns] 0 .....

Fig. 2. (a). Typical waveforms of the 1- b

upstream (IU), the downstream (Id), and the E -20.

beam (Ib) currents, the voltage (q5), and the

electron/ion current density (Je, i). Ld = 55 nil.

rd = 1.37 pts. Beam current and electron/ion
current density were measured 2 cm from the -00o

short-circuit load. (b). Typical waveforms of -.

the upstream (Iu) and the downstream (1d) f Gz,

currents, the beam potential (0b), and the ion : 0.5- f\

current density (Jil, hi2). Ld = 55 nH. rd = 1 NA

1.35 ýis. Beam potential was measured 3 cm -0.5.
from the short-circuit load. Ion signals were
obtained 8 cm and 38 cm from the short- 0 100 200 300 400 560
circuit load. Microwave radiation was Time, [ns]
obtained 120 cm from the short-circuit load.
10 GHz radiation was measured using 10 dB Fig. 3. Typical waveforms of the upstream (lu), the
attenuatorsh downstream (Id), and the beam (lb) currents, the

esTimated intherang e of 45n winductive voltage (0), the beam potential (0b), theetmt int gof th e mion current density (Ji), and envelopes ofEe6keV. Application oftmicrowave signals. High-impedance load, ld=20
field allowed observation of a pure ion

cm. ýd=l .3511s. Ion current density, beam current,
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beam potential, and microwave radiation were 500cm from the load, respectively.
measured at distances of 10cm, 6cm, 3cm, and

We have obtained a relatively long conduction of 300ns the ion velocities

Id and lb pre-pulses which begin prior to were found to be 109cm/s. It was shown

the inductive voltage. It was found that that the ion beam has almost the same

the amplitudes of Id and Ib depend on the average diameter as the electron beam.

POS conduction phase and decrease with The current density of this ion beam

increasing downstream cathode length, reaches ji<1 50A/cm 2 at a distance of 8cm

and can be as high as Id=16kA (ld=14cm). from the high impedance load (ld=20cm).

Patterns of the beam showed an average Observation of an electron beam
beam diameter of -5cm, with maximum propagating in vacuum indicates non-
beam density at the center. Taking into complete current and space charge
account the observed beam diameter, the neutralization. Therefore measurements
average current density of the beam was were performed of electromagnetic

jb<O.7kA/cm2 (ld=1 4 cm). The total radiation which may accompany non-

energy of the beam was found to be neutralized electron beam propagation.
It was found that microwave (MW)
radiation starts almost simultaneously

electrons was estimated to be Ee<22OkeV. with the appearance of the electron beam.

It is interesting to note that large time The correlation of the radiation with the
delays were observed between the beam was shown in an experiment with a
beginning of the dowrnstream current and short circuit load see Fig.2 b). The
the appearance of the electron beam. observed radiation in this case differs
According to these data beam propagation from the case of high-impedance load in

velocity doesn't exceed 109 cm/s. It was the duration and in the power of the MW

found that the beam potential remained radiation.

the same for the POS conduction time In the present experiment, detailed
range of zc<ý350 ns, Vb =180+20kV. measurements of the frequency,

bandwidth and power of the microwave
radiation were not performed. However, it

16 I - was determined that the frequency of the
At microwave radiation is f<30GHz. The

12 -"527c cm power of the microwave radiation was
,- "estimated by the use of an array of

28 - fluorescent tubes (turn on at 85V). One
can estimate the output power of the

" 4 0microwave radiation as the Poynting flux
440cm.4 integrated over a hemispherical surface

200300 400- 50_-(R=100cm). This rough estimate gives

0 100 200 300 400 500 Pmnw<200MW radiated power. Powerful

POS conduction time, [ns] MW production was observed also in the

Fig. 4. The downstream current amplitude case where a planar electron diode was

versus POS conduction time for high- used. The difference in observed radiation

impedance loads with different lengths of was that in this case MW radiation with
downstream electrode. fr30GHz was obtained.

Obtained the TOF data have Previous research' 3 has shown that
shown that larger ion energies correspond there is a powerful electron/ion flow in
to shorter conduction times. For POS the downstream region between the POS
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and short-circuit load. In the present believe that as the current-carrying
experiments, measurements of the plasma moves in the region between the
electron/ion flow in the region between POS and the load, the density decreases.
the POS and the load were not This decrease of the plasma density
performed. However, we believe that leads to current interruption and
similar electron/ion flow obtained. The inductive voltage generation.
important feature of the present We next analyze the experimental
measurements is that we have shown data concerning electron beam
strong correlations (_<5ns) between the transportation and generation of MW
beginning of the POS inductive voltage, radiation. One can estimate the charge
the sharp rise of the load current, the neutralization coefficient and beam
appearance of the energetic electron/ion potential taking r- 1.4 and ne • 3.10 11 cm-
beam and MW radiation. 3

To explain the observed as fe•0.5, and qP, _270kV in good
experimental results we suggest the agreement with previously presented data.

following qualitative explanation. When The non-complete charge and current

the current reaches the load side of the neutralization inferred suggest that the

POS, it continues to propagate in the microwave generation is related to virtual

axial direction due to jrXB0 force. Space cathode formation. The obtained velocity

charge of the current carrying electrons of beam propagation, Vb= (9+1).10 9cm/s

leads to collective acceleration of ions agrees with the above suggestion. Indeed,
from the boundary of the POS. Thus, this velocity coincides with the velocity of
this current carrying plasma spreads the ion flow, V=(1 .0± 0.2).109 cm/s. This
between the POS and the short-circuit ion flow partially neutralizes the space
load. When the plasma flow reaches the charge of the electron beam and allows
short-circuit load, a spatial current beam propagation lb>>electr 3A. Alrough
redistribution can occur, i.e. current
switches to flow along the electrodes. estimate of the MW frequency can beThis causes a fast increase of the made based on the assumption that the

Thiscaues afas inreas ofthedominant mechanism responsible for thedownstream inductance, and generates dmnn ehns epnil o hgeneration of MW radiation is temporal
an inductive voltage, -'ld(dLd/dt). and spatial variations of the virtual

Also, the data obtained for the case cathode. In this case, the oscillation
of high impedance load can be explained frequency can be estimated 4  as
in terms of charged particle flow that 1/2
enters the region of the high-impedance COPeoos( 2 l2)pe. This estimate gives

load or electron diode. This flow may 5 GHz ___ coos < 12.5 GHz for y 1.4 in
lead to a significant decrease of the load agreement with experimental data.
impedance as well as cause the 1. S. B. Swanekamp, J. M. Grossmann, P. F.
generation of the electron beam. We Ottinger, R. J. Commisso, and J. R.
suggest prior to the sharp rise of the Goyer, J. Appl. Phys. 76, 2648 (1994).
inductive voltage . the downstream 2. Ya. E. Krasik, A.Weingarten, IEEE Trans.
current is distributed in the region Plasma Scie. 26, 208 (1998).

between the switch and high-impedance 3. M. Sarfaty, Y. Maron, Ya. E. Krasik, A.

load. However, unlike the case of the Weingarten, R. Arad, R. Shpital'nik, A.
Fruchtman, and S. Alexiou, Phys.

short-circuit load, the downstream Plasmas 2, 2122 (1995).
current cannot show a sharp increase 4. R. B. Miller, An Introduction to the Physics of

until the appearance of an accelerated Intense Charged Particle Beams (Plenum

plasma with sufficient density. We Press, New York, 1982).
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TOOLS FOR MHD SIMULATION OF HOT DENSE PLASMA

S.Semushin, B.Etlicher

Laboratoire de Physique des Milieux Ionisgs, Laboratoire CNRS, Ecole Polytechnique
91128 Palaiseau, France

e-mail: sem @ lpmi.polytechnique.fr

The complexity of physical problems in plasma demands special tools for its analysis.
The primary source of data is, of coarse, the physical experiment. But, sufficiently complete
comprehension of physical phenomenon is actually impossible without the numerical
simulation, which is more and more often named as computational experiment. Moreover,
computational experiment usually provides more complete set of data, which becomes
credible only after verification by experiment

The processes under consideration (such as different Z-pinches, plasma opening
switches - POS, plasma focus and others) have some common features. Fist of all, they are
non stationary and subjected to divers instabilities. Another common feature is a big
difference in time and spatial scales, and small local details are very often significant for
global process development. This means, that some kind of adaptation is inevitable for
numerical simulations. Traditional lagrangian approach can be also considered as adaptation,
based on the mass, but it is not applicable to the problems with high level of convection or
mixing.

Two numerical methods for MHD plasma simulation and corresponding codes are
presented here. The first code ASTRE uses original adaptive mesh refinement algorithm
[1, 2], the other one, Z+ is based on classical arbitrary lagrangian-eulerian algorithm [3, 4].
These two approaches are complimentary. Each of them has its own advantages and specific
application domains, but each of them covers the majority of the problems under
consideration

Physical models

The choice of physical model is always a compromise between the effectiveness of
computation and resulting accuracy. Here the standard description of two temperature plasma
is used. The influence of more sophisticated terms was also estimated, but these terms were
not included into all computations. Thus, the governing equations are:

dp + div(pu) = 0 ýP-u -+ Div(puu)+ grad( p) + divft jxB

dt di c
pte )ue + P divu + divW = jE* -Sd +Qei

-+ div uei)+ Pi divu + *divu + divW. = -Qe(
dt I (1)

dB E EE - uxB .c

B -- crotE, E = E j =-rotB , divB =0dt c 47r

W- =-k .gradTi n.= p/mi;n =Zn.
e, ieej-18 e
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where p, P- plasma density and pressure, n , ni. - electron and ion densities, Z -

ionisation, u - velocity, E, B - electric and magnetic fields, e , ei, T, T. - electron and ion

specific internal energies and temperatures, W . - heat fluxes, Qei' S rad- exchange term

and radiation sources. Omh's law is used either in form of classical conductivity or with the
Hall terms (3).

E* = J(2
E(2)

E* j+ jxB gradpe (3)

a cen en
e e

This system of differential equation is completed by equations of state and transport
coefficients definition. Transport coefficients are usually estimated by Braginskii theory [8].

For equation of state a set of physical model was used. The simplest approach is an
analytical model, for example [3]. More accurate ones are, of coarse, tables like SESAME
[9], or THERMOS [10]. The physical content includes filters to import different tabular data,

The ionisation level can be taken either from Thomas-Fermi approximation or from
tables, for example [9], or more widely applicable [10].

There is a set of approximation for radiation transport. The simplest model is the
radiation losses. Two methods of radiation transport simulation are more complicated and
more time-consuming. They include the ray tracing algorithm and quasi-diffusion approach
[12]. The latter is more efficient, but it is valid only for optically dense plasma. Now it is
adapted for general case by special form of flux correction.

In magnetic implosion problems we have the domains with quite different relation
between magnetic and thermal energies. It is easy to show, that for small values of parameter
p3 = P/(B2 /8r) the numerical approximations based on internal energy equations are more
favourable. But in this case the special attention must be paid on the conservation of total
energy.

Code ASTRE

This code uses a rectangular eulerian mesh. Its main advantages are efficiency,
robustness and very simple changing of considered problem. A resolution of local small
detail of the flow is based on original adaptive mesh refinement algorithm [1, 2]. The local
adaptive procedure was specially constructed for essentially non-linear problems of plasma
dynamics. In such algorithm the cells can be subdivided or merged, depending on the
gradient of the variables. The algorithm is explicit, but the computations are very effective
due to the different time steps for cells of different size and due to the possible temporal
refinement. The code name (Adaptive Spatial-Temporal REfinement) reflects this feature.

rcsh~e I yn

° -D." -Ca- W1.1}II~ii

Fig. ] Adaptive mesh for high zippering Z-pinch simulation
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This method allows solving the problems in region of complex form. Such opportunity
is provided by special boundary conditions treatment. Conservative spatial approximation
minimises error in total energy.

New approximation of Hall term was proposed in [2]. Such treatment of this
complicated term gives monotone solution even for the ideally conducting plasma, without
any conductive diffusion. This approximation lightens the constraints of time step and it
extends the application domain to the rare plasmas. The latter future facilitates the POS
simulations.

Now code exists in one- and two-dimensional versions, and in Cartesian and cylindrical
coordinates for r-z and r-p planes. Wide choice of boundary condition allows easy changing
of considered problem. In eulerian simulations the vacuum treatment is always complicated.
The vacuum is distinguished from plasma by density threshold, and it is considered as frozen
plasma with very small electrical conductivity.

Code Z+

The other code, Z+, uses classical method with lagrangian and eulerian stages.
Lagrangian stage is based on [3], eulerian - on slightly modernised version of [4]. Fully
conservative algorithm [3, 4] keeps precise balance of total energy for any strategy of mesh
motion between lagrangian and eulerian. The remeshing strategy depends of the problem
under consideration, but mesh motion is defined automatically, without any manual control.

Mesh Uensi ty

9!

0•.2 0.'.0.6 0. .In-. .:0.99l34 9.00009

Fig.2 ALE mesh for Z-pinch simulation
The code Z+ was initially constructed for Z-pinches simulation, but later it was ported to

other problems, due to the wide choice of boundary conditions. This code allows simple
multi-material simulations and it has a full set of radiation transport models.

Realisation of codes

The complexity of the processes often requires the modifications of the physical models
and of the numerical approximations. Thus, the code structure should be adapted for such
evolution. The codes are written in modem style in C language. The single source of physical
models is shared between the codes. Different compilations of the same source files produce
1D or 2D versions. The latter roperty simplifies the development and su ort of the codes.

mnodels //Code ASTRESEAECoeZ
1 D and 21) -T H..SERAMMOS, . "d~)S

radiation transport, ,,)
., •" external circuit i

ienerator)

SBasical modulesr
Sof system support •

Fig.3 Interaction of codes and physical models
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Examples of simulations

A lot of simulations were done by these codes in one and two dimensions. Z-pinch
implosions were modelled in different configurations (Fig. 1, 2, for example), including
instability analysis with randomly perturbed initial data [6]. Typical parameters are current
from 50-100 kA till 50 MA, implosion time - from 100 ns to a few microseconds.
Optimizations of geometry and density distribution were done. An example of multi-wire
liner compression [6] is presented either in r-z plane or in polar coordinates r-p plane. The
simulations of plasma focus present another type of magnetic compression problems. These
codes were also used for optimization of gas-puff production for further compression in Z-
pinch [5]. In this case the simulations were started by gas dynamics version, but than the data
were transmitted to MHD code for quality estimation of achieved density distribution.

Plasma opening switches were another important objects for simulation [7]. Their
geometrical parameters and position of plasma guns was analyzed and optimized.

Conclusion

These two codes share wide choice of different physical models for equations of state,
transport coefficients, optical properties. Such construction provides interesting opportunity
for verification of simulation data, namely, either the same physical model can be used by
different numerical approaches, or a variety of physical models can be checked with the same
numerical conditions.

The authors appreciate the fruitful physical discussions with Alexandre. Chuvatin.
I
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Introduction

Magnetic insulation transmission lines (MITL) give an efficient method of the energy
transfer from the generator to the load [1, 2]. In a homogeneous MITL the efficiency of the
energy transport is in good agreement with the theoretical consideration [1-4]. However, a
symmetry break along the MITL and corresponding non-conservation of the electron
canonical momentum lead to appearance of additional electrons emitted from the cathode
because of the spatial inhomogeneity in the line. Therefore, an additional electron flow in
MITL over the usual near-cathode electron sheath may appear. This additional electron layer,
called now launched electrons (LE), was first introduced in [5]. The launched electrons can
change essentially the MITL impedance and result in additional current losses in the MITL.
One should mention that the minimum energy principle introduced first in [1-4] allows this
additional electron layer'inside the line gap. The physical reason for creation of the LE layer
must be not only spatial inhomogeneities but also sharp temporal disturbances, which give rise
to a non-zero emission from the cathode. It is worth mentioning that the LE structure for the
KALIF-HELIA device was obtained in [6] within the framework of the minimum energy
principle.

In this paper, a simple theoretical model of the LE equilibrium will be presented. The
model allows simpler understanding of the nature of LE. It will be shown that appearance of
the LE in the MITL gap may be preferable from the point of view of the minimum energy
principle. PIC numerical simulations were also performed to investigate conditions under
which the LE may appear.

Theoretical modeling

We start with a simple plane model of the MITL (see Fig. 1), where a 6-layer of
electrons emitted from an inhomogeneity of the MITL is placed the inside the gap.

Equilibrium of this LE layer is described by the electron motion equation

_ -eE--e[_ x B]
dt c

and by the stationary Maxwell equations

VE 4p, I = j (2)
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Fig. 1. Additional electron 5-layer at the distance d, from the cathode and da from
the anode.

Here it is assumed that there exist no ions in the MITL gap, so that p = -en, J = -env,
where n and V" are the electron density and velocity, respectively. In the further analysis we
will model the MITL with electrons as a usual vacuum transmission line with the value of the
magnetic field which exceeds that of the electric field. In addition to the near-cathode electron
sheath, an additional electron 5-layer inside the line gap will be assumed. This transparent
model permits to understand or to reject in the simplest way the hypothesis of the LE
appearance. The x-component of Eq. (1) together with Eq. (2) result in the pressure balance
condition

2 2 2 2B.'-E.' B, E,' (3)
where B, Ea and Bc,E, are the constant magnetic and electric fields above and below the

electron 5-layer, respectively. Further it will be very useful to introduce the surface electron
density for the 5-layer

o0 = fpodx (4)
rM-C

as well as for the anode and the cathode, o-a, Gc, respectively. Thus, the anode and the
cathode electric fields are equal to Ea = -47oa,, E, = 47rG. Taking into account the
jumps of the electric and magnetic fields on the 5-layer, one can obtain the following
expressions for the electron surface densitiesu-a~d Gc=- (5

a -cd 0-C u+cda (5)a d ' d
where d = da +dc is the MITL gap and 4 7u = U is the MITL voltage.

The total energy per unit length of the MITL is equal to
2 i2u 1 2 C+O +o 2 C

w =- - d +-(io + 2i0o)d, +--d-dc -(yo - 1)mc (6)
d c2  c 2  d a27ce(6

where i0 = v0O 0 is the surface current density and v0 is the electron velocity in the 5layer.
Subtracting from (6) the total energy of the MITL without LE and taking into account the
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expression for lo I= -o from the pressure balance (3)

o= 2a 20_ , o (7)
Sd

one can get to the following expression of the energy variation in the MITL, related to

appearance of the 5-layer

{Cr3 -1) +ý + J62~(8
05w _ 2ai-Yc M°1) d+- dc -d; -- - (8)

2• 4ze ia d d dIi-dc

If 5w< 0 is satisfied, the considered equilibrium with the LE layer is preferable from the
point of view of the minimum energy principle. We should also remember that the energy of

electrons in the 5-layer is determined from the equation (Yo - 1)mc 2 = eIOo by the account

of the relation (IDo = -dcEc. After simple transformations we obtain
d y 1- (9)

Y-1I= d( y-1- daIaol I 2j)I, y-- 2' ~mc2

For the convenience, we introduce the dimensionless current i = 47-eiad so that the
f Mmc3

<<hot>) impedance of the line is equal to = < 1.

In addition, the 8-layer's parameters meet the equationYo = (I-s)2s,80 + 1 S= daa(0
yi12s -I1+-, 2 )' d

When substituting the (yo - 1) expression in Eq. (8) one can obtain the final

expression for the energy variation 5w
fi =-1-) trd < 0 (11

For given ý, one can obtain the values of s and flA, which must satisfy the following
inequalities

2g° < S < < (12)
S S 1+/5J2 1+flo21-s

PIC simulations

To confirm this result, the dynamics of vacuum electron flow in a coaxial MITL was
numerically modeled using the KNEXT 2,5 PIC code [7]. Spatial and temporal behavior of the
electron layer was considered in presence of an anode insert with local decrease of the anode
diameter. This anode step (AS) was supposed to perturb the electron flow equilibrium in the
vacuum gap and possibly to create a LE layer. The MITL was powered by a 10 ns rise time, a
3 MV maximum amplitude voltage rump, Fig. 2. The MITL was connected to a load, which
had the impedance lower, equal or higher, than the <(hot)> line impedance of the AS part [4].
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Fig. 2. Snapshot of particles distribution at t 30 ns after the voltage pulse
beginning. The picture is obtained with KNEXT 2.5 simulations of a coaxial
MITL with changing AK gap loaded by a 2 Ohm resistance. The right hand side
of the figure represents radial distribution of the electron charge at Z = 90 cm.

Existence of the interelectrode electron charge density maximum was detected in PIC
simulation only for the low impedance loads. Such distribution, typical for LE, existed
downstream the AS during the voltage rise time and some time after the voltage reached its
constant value. After 40 ns, the distribution characteristic for LE disappeared downstream the
AS insert. Stationary electron layer distribution was found to be in good agreement with
previous theoretical results [ 1-4]. Appearance of considerable spatial instability of the electron
layer in the case of low impedance load was also observed.

The authors wish to acknowledge Dr. S.Semushin for contributing discussions.
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COLLIDING BEAM FUSION REACTOR
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ABSTRACT

In this paper aspects of conceptual reactor designs are investigated that are
based on the FRC configuration for D-T, D-He3 , and p-B" reactions. The fuel
ions are of sufficient energy that the orbit size is large enough so that classical
transport should prevail in the absence of long wavelength instabilities.

We begin by reviewing briefly some evidence for classical confinement in
such a system. Next we address the key issue of current maintenance by inject-
ing beams of neutral atoms into an FRC. Although there are many theoretical
papers on this subject, there are no experiments. Our investigation of this
issue starts with a discussion of FRC experiments, the current carried by ions
and the decay of current due to Coulomb interactions of electrons and ions.
We then consider periodic pulses of injected neutrals in order to maintain a
steady state ion current in the FRC. The injected neutrals constitute a source
of ions and electrons and for a steady state there must be a sink. For a burning
plasma the dominant sink is the fusion reactions.

We have previously shown that the sources and sinks of a burning plasma
dominate the equilibrium distributions [1]; i.e. the equilibrium is quite differ-
ent from the self-consistent solution of the Vlasov-Maxwell equations without
fusion reactions., In this paper we illustrate some of the changes in the kinetic
description of a burning plasma due to the inclusion of sources and sinks. For
example the electrons are injected at relatively low energy. Electrons leave
along with fusion product ions in a steady state. The electrons leave after be-
ing heated and this constitutes a significant heat transfer mechanism that can
be more important than radiation. Source and sink modifications to previous
reactor kinetic calculations are included to arrive at quantitative estimates for
key operating parameters.

1. MOTIVATION: CLASSICAL CONFINEMENT OF IONS

A plasma consisting of large orbit non-adiabatic ions and adiabatic electrons is considered.
Experimental evidence with energetic beams injected into Tokamaks for heating in DIII-
D and TFTR and with energetic fusion products in JET indicates that such a plasma
does not suffer from the anomalous transport characteristics usually observed in fusion
devices. In fact the diffusion of these large orbit ions is consistent with classical estimates
while at the same time the thermal population diffuses anomalously. In addition to
Tokamak experiments numerical simulations support the fact that large orbit particles feel
predominantly low frequency field fluctuations with wavelengths that exceed the larmor
radius. The physical reason for this is that ions, over the course of such a large orbit,
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average the fluctuations so that only long wavelengths (compared to gyro-radius) and
small frequencies (compared to gyro-frequency) cause transport. Thus if the particle
orbit radius is large and the plasma has gross stability at long wavelengths, anomalous
transport can in principle be avoided.

2. CONCEPTUAL REACTOR DESIGN

The basis of the design for the reactor discussed here is a modified FRC as described
by Rostoker et al. [2]. The modification to the usual FRC lies in the fact that almost
all the ions are considered to be non-adiabatic and to possess high coherent energy and,
thus, large orbits (for typical data the worst case fuel ion orbit size is on the order of
1 cm - slightly larger than the minimum orbit size of the classically diffusing particles
in the previously mentioned tokamak experiments). With this alteration the system can
essentially be thought of as an ion beam confined to an annular region encircling the axis
of symmetry. The electrons are thermal and as such respond also to short wavelength
turbulence. However, their loss is limited by positive charge accumulation in the plasma.
A nice feature of the FRC configuration is that the plasma is surrounded by a natural
divertor, i.e.: the region of near vacuum between the walls and the plasma exhibits an
open magnetic field line topology - allowing particles that reach this region to scatter and
leave along the field lines much faster than it would take to diffuse across.

3. CURRENT MAINTENANCE

A key issue of whether the envisioned reactor can sustain a steady state equilibrium
is current drive and current maintenance by injecting beams of neutral atoms into the
FRC system. Although there are many theoretical papers on this subject, there are no
experiments for the type of closed magnetic topology setup discussed here. This section
is intended to illustrate the problems and indicate some possible solutions.

3.1. Creation of FRC and Origin of Ion Current

Typically an FRC is formed by the inductive or O-pinch method which preferentially heats
ions by compression. After the compression the current is carried by electrons and the ions
have zero net drift velocity and a temperature of about 500 eV. After reconnection there is
a radial magnetic field at the ends which is focusing for ions that rotate in the diamagnetic
direction and defocusing for for those that rotate in the opposite direction. This leads
to selective confinement of the ions and causes about half of them to escape along with
an adequate number of electrons. The resultant net ion current causes electrons to be
collisionally accelerated towards zero net drift - in this period the ion velocity changes
are negligible compared to those of the electrons. Thus the total current changes little
but the electron current decreases until at the end of this "formation phase" the current
is carried about equally by ions and electrons.

3.2. Lifetime of FRC and Current Decay

After the FRC is established as described in the previous section, the lifetime is determined
by the decay of the current. In typical experiments carried out at LANL [3] the parameters
of the produced pure hydrogen plasma are ni = n, - 5 X 1015 cm-3, Te - 100 eV and
Ti - 500 eV. The ratio of plasma scale to ion orbital radius is on the order of 2 and about
half the current is carried by ions. The observed lifetime is between 100 to 500 tsec.

To see whether these numbers are in agreement with classical predictions, we assume
that the current decay is due to coulomb collisions between electrons and ions. For the
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initial conditions given by the LANL data we find that the electron-ion and ion-electron
momentum exchange times are tei - 4 nsec and ti, ý- 7 psec, respectively. Recasting the
conservation of energy during this process in the form of a circuit equation gives

dI

(L + LI)-t + IR O, (1)

where, respectively, L 2 2 r2ro/C 2 , LI = (27rro) 2 2mmi/Nee 2 (m+mi) and R = (2Trro) 2m/Nee2tei
are the inductance/unit length of the ring, the inertial inductance/unit length (L <« L),
and the plasma resistance/unit length. Ne is the line density of electrons and r, the radius
of peak density. From the time scales given by tei *and tie we can see that the current
decay is mainly due to an increase in the average azimuthal electron velocity, V', i.e.:
dI/dt "• -(eNe/27rro) dVeo/dt. The decay time of the current is, thus, given by

L+ LI 1 roAr
T R 4 (c/-pe)2 300 psec . (2)

Ne = 27rroArne and w 4e 47rnee 2 /m. This time is much greater than the momentum
exchange time tei because of the large inductance. Its value is within the range given
by the LANL measurements. For large density values (on order of 1016 cm- 3) classical
diffusion theory is also consistent with the observed particle confinement time as reported
by Aso et al. [4].

3.3. Current Neutralization Issues

The main question for current maintenance is fast current neutralization of a beam. The
time scale for this would be much shorter than neutralization by collisions. When a
beam is injected into a plasma with axial symmetry the initial current increase induces
an electric field E6 which makes electrons drift in the radial direction Vr = cEO/B,. This
electron drift perturbs the charge density causing a radial electric field in response to E0.
The radial electric field then produces a drift vo = -cEr/Bz of electrons which neutralizes
the current of the beam. This can take place on a fast time scale described by the Vlasov-
Maxwell equations. If the magnetic field has open field lines, electrons can move along the
field lines and prevent the development of E,. In this case current neutralization is due
to Coulomb collisions and the time scale is L/R. If the magnetic field involves closed field
lines and axial symmetry prevails it is predicted that fast current neutralization can take
place [5]. It is also predicted that it can be prevented by breaking the axial symmetry
for example with the addition of a weak quadrupole field. It can also be prevented by
instabilities [6]. There are no experiments in which a beam of neutrals or a neutralized
ion beam is injected into an FRC. It is a fact that fast current neutralization does not
take place in an FRC. However, an FRC usually does have a weak quadrupole field. It
does not seem likely that a complete answer to the questions of current neutralization in
an FRC can be attained without some new experiments. For the present investigation,
we assume that fast neutralization cannot take place although, this may involve breaking
the symmetry..

3.4. Current Maintenance by Neutral Beam Pulses

We consider the injection of pulsed beams as illustrated in Fig. 1. They may be pulsed
neutral beams or neutralized beams with a pulse duration At < tei. The injected electrons
have a negligible energy and do not speed up during At while the ion velocity changes.
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From t = t, + At until t = t + T the current decays as previously discussed; the change in
ion velocity Vi0 is negligible and although Veo changes significantly the energy NmmV /2
is negligible. Therefore, from energy conservation

1 2[tn+T tn +T
-LI = - I 2 Rdt (3)
2 tn+At Jtn+At

i.e.: the dissipated energy comes from the stored magnetic field energy. Thus, the injected
beam has to have sufficient energy to also resupply the loss in stored magnetic energy (the
beam loses this energy due to the inductive electric field after trapping). A steady periodic
state can, therefore, be maintained by injecting and trapping ANi particles (particle losses
due to diffusion out to the separatrix and due to fusion reactions must be balanced with
ANi/T) with a proper choice of Vi' (determined by the dissipation I,2RT) such that

2. Aii[(i)- v2• L •LI2-_ (I- AI)2)] _1 12oR T. (4)

I1(t)
Al I

T

Figure 1: Pulsed beam injection after initial FRC formation.

4. SINK ISSUES

In order to describe the injection and trapping of particle beams as well as fusion reac-
tions and diffusion, it is necessary to add sources and sinks to the Vlasov/Fokker-Planck
equation:Of2 Ofi e• 1 )Of 2  0v 1 2

cot •x~e•E+-vx×B -=- (Avif7 +l -9 -. (AvAv)if•+Q, -si (5)t O m c "O- Ov 2 v"---v 0

Q is the sourcedue 1 to beam injection; Si is the sink. In the last section we discussed the
injection source and its role in maintaining the equilibrium. In this section we show an
example of the strong effect sinks have on the plasma kinetic equations and in particular
on the determination of ion and electron temperatures.

Consider for instance the electron temperature. Electrons are injected along with the
fuel beams and enter the plasma with negligible energy and temperature. With each
fusion reaction two fusion fuel ions disappear; they are replaced by fusion products which
leave the plasma if there is to be a steady state. To maintain charge neutrality Z1 + Z2

electrons must also leave. Since there is a potential barrier (the plasma is positively
charged in equilibrium)only the high energy electrons can escape. They expend energy

to get over the barrier, but get it back after they leave the plasma completely along the
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open field lines. To escape the electrons must go over a potential barrier of height Te/e.
The average energy of particles that leave is

fT 0 + mv 2f,(v)dv
Te + fc fe(V 2 -Ž5Te,S(v) dv

where fe(v) is a one dimensional Maxwell distribution. Thus a sink in the form of a
cooling term must be added to the Fokker-Planck equation which is of the form

5, Nj Zj(6-5ToeZNZ .(6)

tp3

This cooling term may be more important than the Bremsstrahlung because it is propor-
tional to Te rather than VT-,. Similarly there are cooling terms for the fuel ion beams if
the temperatures of the beams at injection are less than the steady state temperatures.
Although Eq. (6) helps to reduce electron temperature and therefore Bremsstrahlung it
does represent an energy loss. However, the electron energy can be recovered with high
efficiency whereas Bremsstrahlung can only be recovered with an efficiency of at most
40%.

5. MODES OF OPERATION

We consider fuel systems with two types of ions of mass ml, M 2 and atomic number
Z, = I and Z2 > 1 such as D-T, D-He3and p-B11. The fusion cross section for each case
has a resonance (see Fig. 2). The reactivity (av) can be calculated by

(av) = Jdvidv2Fl(vl)F 2 (v 2)Iv1 - v 2Ia(Iv1- v 21) (7)

where

Fi (vi) 3/2 exp V_ )21 (8)v, 2mrTi T
In the first mode of operation V, = V 2 and T, = T2. The distribution functions are
thermal in a moving frame of reference. The thermal reactivities designated in Fig. are
applicable and are no better than a purely thermal reactor. V, and V2 are large enough
to avoid anomalous diffusion but as small as possible consistent with this to minimize
the circulating power. The injection energy I', 2  imV12 + -Im2V22 is the price to be paid for

avoiding anomalous diffusion. The advantages of this mode are that both fuel ions are
in thermal equilibrium (ion-ion collisions assure this but do not contribute to transport),
that there is no anomalous transport and that current drive is accomplished.

The second mode of operation involves V1 # V 2 and lm 1 (V1  V 2) 2  ER the
resonant energy. The temperatures of the beams should be as low as possible to enhance
the reactivity as illustrated in Fig. . In this case the steady state electron velocity would
be Ve = (ni Vi +n 2 Z2V2)/(n, +n 2Z22) where ni, n 2. are fuel ion densities. The steady state
current is the Ohkawa current

J3 - nl + 2zV2 Z 2)(VI - V2 ) (9)

Provided that V, and V2 can be maintained this takes care of current drive. If Z2 = 1 as it
is for D-T reactions jo = 0. However, current could possibly be maintained considering the
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net current of the a-particles produced by fusion which would be selectively confined in
an FRC. The reactivity enhancement depends on the beam temperature. It is significant
for D-He3 at T1 = T2 "• 100 keV. The price to be paid is in the additional input energy of
the fuel ions in order to maintain V, and V 2. Additional problems arise because of the
requirement of low beam temperatures to take advantage of the resonance.

R at rP, Converters "

-6 2.10). p-131-T (Resonance t d D- eoactuned)

D p.B (Resonance tuned)

~ 5."tQ D-He
3 

(Resonance tuned)

-5 2,10,'1R PB P

"D-H03 
(Thermal)

a: 1.1W,

L ." D-T (Thermal)

2. 10-" ~~~~p-811 (Thermal) ICicltnPo eAccelerators Cicltn

1 2 5 o 20 50 I1 W 2 MX SWx fuel injection power Distib ton

Temperature (keVj and current drive

Figure 2: Various Fusion Reactivities c 1A

Power

for Sale

Figure 3: Power Flow Schematic

6. REACTOR DESIGN

The results of a systematic treatment of reactor kinetics for D-T, D-He3 and p-B11 are
shown in Table 1. The power flow for a reactor is illustrated in Fig. 3. The definitions
of the various quantities are: PF is the fusion power, PB is bremsstrahlung power; PR

is the replacement power (i.e. protons as they burn must be replaced with 630 keV); PE
is the burn that arises from energetic particles other than fusion product ions leaving
with each fusion reaction (for example electrons must leave along with fusion product
ions as discussed in section 4 - also replacement fuel ions enter at low temperature, are
heated and then disappear either due to fusion reactions or fuel transport in the case
of boron if V2 - 0); Q = PF/PB is a figure of merit that is determined by the electron
temperature; W1A, TqB and ?1N are efficiencies for the accelerator, for bremsstrahlung and for
fusion products (mainly neutrons for D-T); P, is the power for sale; Pc is the circulating
power.

The average azimuthal velocities of the beams are V1, V2 and Ve and in a steady state
they must be constant. To calculate beam temperatures we must first define them. For
example

3 1i

2 Te=
By taking appropriate moments of the Vlasov/Fokker-Planck equation we conclude that

_V m d Vr) 2V V
3 dTe kV") -V 2 (V7 V 0 ) + (V~2)2 (10)
2 dt 2 dt e + te2  1
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Table 1: Fusion Reactor Parameters

D-T D-He3  p-B1'
mode 1 mode 1 mode 1 mode 2

density [cm- 3] ni .5 x 1015 .333 x 1015 .5 x 1015 1.33 x 1015

n 2  .5 x 1015 .333 x 1015 1014 1.33 x 1014

n, 1o15 1015 1015 2 x 1015

fuel ion energy [keV] imiV,2  200 200 50 630
1 2

5m2V2 300 300 550 0

fusion time Is] tFl 2.5 15 25 9.4

tF2 2.5 15 5 .94

energy/reaction [MeV] CF 18 18.4 8.68 8.68

electron temperature [keV] Te 100 185 125 165

ion temperature [keV] Ti 96 217 234 15

T2 96 217 234 150

Q = PF/PB 86 2.65 1.07 2.08

efficiency 77A .8 .8 .8 .8

77B .4 .4 .4 .4
77N .4 .9 .9 .9

PS/PF .300 .567 .079 .22

Pc/Ps .318 1.126 15.5 3.5

and similarly
mdV2  V6 -(V1 ) + Ve(V2 Ve)
2 dt m [V + 46 2

where te, and 4e2 represent momentum transfer times considered for example for p-B".
If one considers an initial value problem Eq. (10) is correct and both protons and boron
produce heating of electrons on a very short time scale tel 10-1 sec. However if one
considers a steady state, then dV6

2/dt = 0; solving Eq. (11) for V, will give V, = 0 or the
Ohkawa velocity and current. To correct Eq. (10) we must calculate only

3dTe = md(v2 ) (12)

2 dt 2 dt

We may correct Eq. (10) by adding Eq. (11) to both sides of Eq. (10) and obtain for a
steady state

3dTe [VL(Vi - Ve) V2(Ve V2)] (13)
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The proton heating is increased and the boron heating changes to cooling. The Fokker-
Planck equation involves (Av)e (drag) and (AvAv)e (scattering). The scattering pro-
duces only heating; the drag term involves heating or cooling. The drag term dominates.
Eq. (13) simplifies for V1 = V2 (mode 1).

For protons the difference between the initial value problem and the steady state
problem is even more dramatic.

3dT m [V2(V1 - V2) +Ve(V - Ve) + 3(Te - Ti) (14)2 dt - [ t12 + ti-• I -ti 14

Both boron and electrons produce cooling. There is an additional term due to electrons
which involves heating if T, > T1 .

The above equations are incomplete because there are other effects such as &-particle
heating, radiation cooling etc. which we omit here to concentrate on the Coulomb effects
of the fuel and electrons. These effects must be included to determine the temperatures
from dTe/dt = dT 1/dt = 0.

The next question is of course how does one maintain a steady state. The protons
must be replaced at the burn rate and at a higher energy than the design energy; the
boron at a lower energy. Steady state or pulsed accelerators may be employed. Pulsed
accelerators are discussed in section 3.4. The accelerator requirements are beyond the
state of the art particularly for p-B"1 . However, the requirements will be substantially
reduced by optimization of the kinetics and polarization of the fuel [1]. There are several
developments in accelerators to produce high energy neutral hydrogen. There is the RF
accelerator at LANL with the Dimov source and the work on negative hydrogen diodes
at UCI and Lebedev Institute [7]. These recent developments show that our requirements
can be met.

7. SUMMARY

In this paper we have presented the results of reactor kinetic calculations and illustrated
the importance of sources and sinks in D-T, D-He3 and p-B11 reactions for a mode of
operation that can be described as thermal in a moving frame of reference. A mode
of operation that takes advantage of the resonance in the fusion cross section has been
suggested and evaluated for p-B11 .
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Abstract
Using a newly developed two-wavelength dispersion interferometer system of exceptionally high sensitivity we
have been able to measure for the first time the electron density distribution inside a high power ion diode. The
assumption of a flat electron density distribution across the gap -often made in theoretical models- is
compatible with the present observations up to peak diode power. Afterwards a rapid increase of the electron
density is seen. Combining these results with spectroscopic measurements in the anode plasma we conclude
that the diamagnetic field penetration into the anode plasma can lead to its fast acceleration after peak power,
affect the electron density increase in the gap, and the diode impedance collapse associated with it.

Introduction
Until today intense light ion beam production by single or two-stage acceleration in high power
magnetically insulated -diodes suffers from large beam divergence, ion energy spread, and the
inability to adequately control the diode impedance. The latter until now prevents the
possibility to take advantage from beam bunching by ramping the driving voltage pulse. Both,
the light ion beam quality and the diode impedance history are mainly affected by the
properties and the evolution of the anode plasma and of the electron cloud filling the diode
gap.
Detailed measurements of particle densities, temperatures, composition, and field distributions
inside the anode plasma as well as close to its surface have been carried out in recent years by a
number of groups /1-4 / and improved our knowledge of the physical processes governing the
operation of these devices. However, it seems difficult to generalise these results because
some have been obtained with special types of passive ion sources, while others were achieved
with rather low power diodes. In addition, a direct measurement of the electron density inside
the diode gap was lacking until today.
Here we report on results obtained for the magnetically insulated high power ion diode used on
the 1.7 MV, 1.5 TW pulse generator KALIF. In this diode the ion source is produced actively
by initiating a sliding discharge in a hydrogen gas layer that is desorbed from a Ti-reservoir.
Details of the ion diode and of the ion source can be found elsewhere / 5,6/.
Using spectroscopic measurements we have determined the particle densities and temperatures
as well as the magnetic field penetration into the.plasma. The electron density inside the diode
gap was determined with the help of a newly developed two-wavelength dispersion interfero-
meter of exceptionally high sensitivity.

Diagnostic tools
Since the set-up of the spectroscopic diagnostic has been described in a previous Beams' paper
we refer to that paper for any details /7/. The line of sight of the spectrometer was aiming
parallel to the anode. Using a lens with a large focal length (800 mm) a spatial resolution of up
to 0.2mm could. be realised. Depending on the requirements the spectral resolution was
adjusted between 0.2 and 0.5 A. The temporal resolution of 5- 10 ns was mainly limited by the
necessity to reduce the statistical error,
Since the interferometer was redesigned after the last Beams' meeting we shall outline its main
characteristics here. We have chosen a two-wavelength dispersion interferometer because it is

-203-



•,, magneticmgics a relatively simple and robust system well

.ande suited for the hostile environment of a high
power generator and diode. The arrangement

cathode plate of the interferometer is presented in Fig. 1. It
vacuum vessel ion beam starts with a single mode, single frequency

M- 700 mW cw Nd:YAG ring laser oscillating at
Lb nonlinear L the fundamental wavelength of 1064 nm. To

KrPcrystals"--increase its intensity the laser beam is send
L L twice through two flashlamp-pumped

IR titter thoghi-saam-ume
-R filter 4 Nd:YAG amplifier rods and then focused into

shielding wall a KTP crystal for frequency doubling. Both,
the nontransformed fundamental wave and its

• o•pe __ second harmonic are transmitted through the
satorpn electron cloud in the diode gap. After exiting

laseramplifier polarizer from the diode vacuum chamber a fraction of
Nd:YAG rods L PIN detectors the remaining fundamental wave is frequency

M {-I -F- - 4 •# [doubled too and its residual part is eliminated
Faraday / Nd:YAG laser with an infrared filter. Due to the wavelength
rotator beam A1064nm

expander 700mW cw dependence of the refraction index in the

Fig. 1 Set-up of two-wavelength dispersion electron fluid both beams have experienced
interferometer on KALIF different phase shifts which are conserved

during frequency doubling. The KTP crystals
are arranged such that the green beams are produced with polarisation vectors perpendicular to
each other. Using a beam splitting polarizer the beams are divided into two components with
parallel polarisation vectors and two components with antiparallel polarisation vectors. Each of
these beam pairs can interfere and their interference pattern are imaged onto two PIN
photodiodes arranged in a compensating bridge circuit. With the help of a Babinet
compensator the initial phase shift is adjusted to 900 such that the difference signal of the
photodiodes becomes zero prior to the experiment. At this adjustment the system has its
highest sensitivity and is largely independent of laser intensity fluctuations. Before the beams
are brought to interference they have passed through the same optical media. Slow changes in
the optical path between the first and the second KTP-crystal do not effect the results because
they can be recorded immediately before the experiment.
To check the stability and the sensitivity of the interferometer we have measured the phase
shift by transmitting the beams through a vacuum chamber in which the air pressure was varied
between 0 and 105 Pa. These measurements showed excellent stability and linearity. During the
period of data collecting, which lasted 45 minutes, a drifting of the interferometer was not
observed. With the present set-up we are able to measure electron line densities below 10'3 cm
2 corresponding to a fringe shift of 8* 10-5.

Results
In order not to affect the normal operation of the diode only spectral lines from components
naturally occuring in the anode plasma were used to infer the anode plasma properties.
During the first 30 ns after beginning of the diode voltage the Stark broadened H, and C II
(6578 A) lines were exploited to derive the electron density as a function of time. Later in the
pulse the refractive index gradient diagnostic described in Ref. /8/ was applied and supple-
mented by evaluating the Stark-broadening of the C IV (5801.3 A) line. The electron density
obtained at a distance of 0.25 mm from the anode surface is shown in Fig. 2. After a period of
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about 30-40 ns, during which
7- 10" the electron density stagnates,
6- T it starts to rise by one order of

• magnitude before the end of
the pulse.ý2E

CO, 4 ,---- • The electron temperature was
3-. 0 derived by evaluating the ratio

E .
I-c'~of the C IV (5801.3 A) and the

2Ne A C III (5696 A) lines with the
" 1 help of the stationary

0 collisional-radiative-code
10 20 30 40 s0 60 70 80 90 1;0 T /o ,o•o o 4, • •o o e •o•oo NLTERT /9/. The use of a

Time rnsl
stationary code for this

Fig. 2 Electron temperature (squares), electron density (circles), and B- evaluation is justified by the
field (triangles) in the anode plasma short relaxation times for the

carbon levels and by the fact
that the carbon density in the plasma does not change during the pulse because it originates
mainly from adsorbates at the Pd surface layer which covers the Ti hydrogen reservoir. These
adsorbates are released at the beginning of the pulse. As shown in Fig. 2 the electron
temperature starts between 4 and 5 eV, reaches a maximum at 50 ns into the pulse and than
drops below 5 eV again.
The magnetic field .inside the anode plasma was deduced from the Zeeman splitting of C III
(4647.4 A) and C IV (5801.3 A) lines. Since the Doppler broadening affects the line shapes
different trials for the ion temperature were used to reproduce the measured line shape.
Fortunately the width of the lines is mainly determined by the magnetic field strength and not
much influenced by the Doppler effect. However the depth of the valley in the centre of the
split line strongly depends on the ion temperature and therefore can be used to determine it. It
was found that the C IV ion temperature was around 50 eV and thus much larger than the
electron temperature, a phenomenon that had also been found by other groups for passive
flashover ion sources /10/. In Fig. 2 we also display the development of the magnetic field
inside the anode plasma layer as a function of time. Initially the measured field is smaller than

the applied field of 3 T. This can be
zo20x. - 2x510" explained by the early expansion of the

high density plasma with frozen-in
2.OX•O" magnetic field lines. As the plasma

V, v. expansion stops the field rediffuses

.No. • and because of the rising diamagnetic
-. ", field in the diode gap surmounts the

(0' •applied field. For the KALIF-diode the
-~5,OxiO 15

- ° 03.xo'W maximum observed field was around 5
0 T. The consequences of this diffusion

0, o.o 00 of the diamagnetic field into the
50 100 150 20W

Time [n,] plasma will be discussed below.
The electron line density measured at a
distance of 3 mm from the anode

Fig. 3 Measured and calculated electron densities 3 mm from suace ot 3 t ogethe r

the anode, diode voltage, and ion current surface is plotted in Fig. 3 together
with the diode voltage and the "ion"

current. The electron density starts to rise simultaneously with the ion current and reaches a
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plateau at 4 .1013 cm-2 which lasts for 20-30 ns and then - as the diode voltage begins to drop -
continues to rise to much higher values. This general behaviour is found for all distances from
the anode. Within our temporal resolution of Ins the electron density increases simultaneously
at all locations in the gap and achieves everywhere the same plateau value. At distances less
than 2 mm from the anode surface the electron density exceeds the plateau value at first but
after 10-20 ns decays to the same level.
Summarising the results we can say that 1.) significant ion current does not flow before an
electron cloud occurs in the diode gap, 2.) the electron cloud occurs simultaneously at all
positions in the gap, 3.) for a period of 40-50 ns the electron density distribution is flat, and 4.)
at the time when the diode voltage decreases the electron density rises at all positions in the
gap, although stronger at locations close to the anode and cathode surfaces.

Conclusions
It has been discussed previously /11/that the diffusion of the diamagnetic field into the anode
plasma can create strong heating, the magnitude of the electron temperature rise depending on
the value of the plasma conductivity. It has been argued that, due to the high electron drift
velocity, instabilities occur that increase the collision frequency and therefore reduce the
plasma conductivity by up to a factor of 10 below the Spitzer value. Taking this value and
assuming a mean plasma density of 5.1()16 cm-3 in a 0.5 mm thick plasma layer we obtain that
about 225 eV of energy have been deposited per particle during the rising part of the dia-
magnetic field. Obviously there must be a heat loss mechanism to the substrate because we
observe a much smaller electron temperature rise but a strong increase of particle density in the
plasma, which, at the end of the pulse, reaches a value of 5- 107 cm-3. Taking this value and
accounting for the ionisation energy of 13.6 eV the observed electron temperature of 5 eV at
that time becomes comparable with the available energy. The observed large flux of hydrogen
from the reservoir is supposedly also responsible for the ion energy spread reported
previously/7/.
Perhaps an even more important effect of the diamagnetic field penetration into the plasma is
the fact that it leads to a fast acceleration of the plasma as soon as the diamagnetic field drops
due to a simultaneous decrease of ion current density and diode voltage. In this case the
plasma is no longer magnetically confined but instead accelerated by both the thermodynamic
and the magnetic pressure which act in the same direction. This can be seen from the magneto-
hydrodynamic equation of motion:

du B2-
nM du = -grad -2  - grad(pi + p,)

For the densities and temperatures observed the magnetic field pressure is more important than
the particle pressure. Assuming that the magnetic pressure gradient is constant in the plasma
front layer we can also expect that the lower density zones will be accelerated fastest. It is
presumably this mechanism that is responsible for the rapid impedance collaps generally
observed with high power diodes after peak power. Since similar mechanism of acceleration
can also occur in the cathode plasma the diode gap closes fastest at the cathode edge.
The described general picture is supported by the electron density measurements where a
sudden rise of the electron density coinciding with the diode voltage and ion current density
decay (inferred from Faraday-cup measurements not shown here) was observed. Also late in
the pulse the measured electron density distribution resembles the expected profile of
increasing densities towards the electrodes. A surprising result was the flat electron density
distribution in the gap at least until the maximum diode voltage. This observation enables us to
use the diode theory described by M. Desjarlais /12/ for the saturated case to derive further
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conclusions on the diode operation. To
0.00 1.0 improve our confidence we can use the

0,025 Iniial F functional dependence of the electron.................... ................................ ... ............. :...... 0.8 d n iy o h o u r n e st

density on the. ion current density
0,020 derived in /12/ to calculate the electron

X!: 
0,6 .9

0,0. density from the electrical signals and
0.01, compare it with the directly measured

R 0,010 electron density. As shown in Fig.3 this
0,005 0,2 leads to excellent agreement at least

000until the final increase of the density

0,000 0,0 occurs. Now exploiting other
Time [ns] predictions of the model we can

determine the effective gap width and
the entrapped magnetic flux using the

Fig. 4 Effective gap and entrapped magnetic flux as a function measured electron density as a function
of time of time. The results (Fig. 4) confirm

that very rapidly about half of the initial
flux is lost leading to a much weaker magnetic insulation than expected.
Summarising we can conclude that stable diode operation requires a small diamagnetic effect
on the plasma. This can either be achieved by producing highly conductive electrode plasmas
or by reducing the diamagnetic field. The latter means a lower ion current density but
unfortunately it also favours a small ion mass and a small accelerating voltage.
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Abstract

Intense ion beams may be the best option for an Inertial Fusion Energy (IFE) driver. While
light ions may be the long-term pulsed power approach to IFE, the current economic climate
is such that there is no urgency in developing fusion energy sources. Research on light ion
beams at Sandia will be suspended at the end of this fiscal year in favor of z-pinches studying
ICF target physics, high yield fusion, and stewardship issues. We document the status of light
ion research and our understanding of the feasibility of scaling light ions to 1FE.

BACKGROUND developing fusion energy sources. The goal of
Sandia's close-out activities this year is to

The primary focus of the Pulsed Power perform critical proof-of-principle scaling
Fusion Program at Sandia National experiments, study the scaling of the results to
Laboratories since 1980 has been the high yield requirements, and document the
development of intense beams of light ions prospect of light ions for IFE in anticipation of
for driving high yield fusion within the U.S. a future expansion of DOE's IFE program.
Department of Energy's (DOE) Inertial
Confinement Fusion (ICF) Program. The LIGHT IONS FOR IFE
funding for this effort came from the
Defense Programs portion of DOE. In a two-stage light ion accelerator module for
However, progress in light ion beam physics IFE the divergence obtained in the first stage
and technology has been disappointingly (injector), the divergence reduction through
slow, especially in comparison with Sandia's post-acceleration in the second stage, and the
recent dramatic success in radiation divergence that the transport system can
generation using pulsed-power-driven z- tolerate are interdependent. Our most mature
pinches. The status of light ion fusion light ion concept calls for a high-contrast
research has recently been thoroughly (10:1 ratio) shaped power pulse with a peak
documented in Ref 1. Sandia has made the on-target power of -700 TW and total on-
decision that research on light ion beams at target energy of-14 MJ. The on-target power
Sandia will be suspended this year in favor is supplied by twenty individual beams
of z-pinches studying ICF target physics, providing a "foot" pulse (5.4 TW each for 60
high yield fusion, and stockpile stewardship ns) and twelve beams comprising the main
issues. pulse (50 TW each for 20 ns) which, together

Intense ion beams may still be the best with an internal pulse shaping technique, drive
option for an Inertial Fusion Energy (IFE) a nearly isentropic implosion of the fusion
driver, however, the current economic capsule [2]. The absorbed capsule energy in
climate is such that there is no urgency in this design is 1.4 MJ and the peak radiation
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Figure 1: Ion beam microdivergence versus ion beam energy showing divergence reduction with
two-stage acceleration at constant transverse energy.

drive temperature is 260 eV. The predicted
target yield exceeds 500 MJ. keV (12-24, mrad) at 9 MeV. Post-

Each beam is generated by a two-stage, acceleration of the beam at constant
applied-B extraction ion diode. Ballistic normalized emittance from 9 to 35 MeV then
transport to the target requires a 6 mrad achieves the required beam divergence. The
beam divergence while self-pinched transport operating parameters for the present baseline
could allow the divergence constraint to be 2-stage IFE diode using lithium ions are
relaxed to 12 mrad for a four meter standoff summarized in Table 1. These parameters
distance. The interrelation of divergence define the goals for intense light ion beam
between injector, second-stage, and transport development.
system is demonstrated in Figure 1.

Our IFE concept calls for (1) an injector Ion species Li+1

with a lithium beam divergence of •24 mrad Peak voltage 35 MeV (9+26 MeV)
at 9 MeV, (2) two-stage diode operation at Peak ion current 1 MA
constant transverse temperature so the ion Ion power 25 TW
divergence is reduced to M12 mrad at 35 (@ diode)
MeV and the power is doubled through time- Bunching factor 2
of-flight bunching, and (3) self-pinched Ion power 50 TW
transport that will accept divergences up to (@ target)
12 mrad. The 12 mrad and 6 mrad Energy 1 MJ/beam
divergences correspond to transverse ion Ion beam 6 mrad (lens
energies of 5.0 keV and 1.25 keV at 35 divergence transport)
MeV, respectively. This factor of four in 6-12 mrad (self-
transverse energy emphasizes the importance pinched transport)
of developing self-pinched transport. Standoff distance 4 meters
Following curves of constant transverse TABLE 1. IFE lithium two-stage ion
energy on Figure 1, we require a first stage diodE par

injector with a transverse energy of 1.25 to 5 ameters
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CURRENT KEY ISSUES are predicted to minimize ion beam
divergence by sustaining diode operation in

The four key issues that are currently the diocotron mode. Non-linear saturation
most important in determining the viability of calculations for the diocotron instability [6]
light ions for IFE are: 1) developing a bright give the scaling:
ion source, 2) operating a non-protonic diode _q
in the diocotron mode, 3) generating a beam d = kBo(d+xo) MV (1)
with a sufficiently stable impedance to allow w 0 i t

time of flight bunching, and 4) testing the m ge te d is the m echanica anode-
selfpinced ransortconcpt.magnetic field, d is the mechanical anode-

self-pinched transport concept. cathode gap, xo is the recession distance of
An IFE diode will require an ion source the gas-cell behind the cathode tip, q/M is the

that is capable of producing 1-2 kA/cm of ion charge-to-mass ratio, and V is the diode
the desired ion species with an intrinsic incag-oms aiadVi h id
soure divesirgedinspcie s wih 10 an o areasi o voltage. Since Eq. 1 is inversely proportionalsource divergence of<•10mrad over areas of to the square root of the ion mass, the
500-1000 cm2 . Recent work at Sandia has tohesurrotfteinmate
500-1000d cm a Recethiudor natSadia hasma diocotron divergences for lithium are 38%
suggested that a lithium-dominated plasma less than the proton values. While
with n_ 1017 cm"2, and an expansion velocity experiments at Sandia and FZK have shown
of -1-2 cm/[ts can be produced with a YAG diocotron-level divergence with protons, it is
laser fluence of 0.5 J/cm 2 incident on a LiAg essential that operation of an applied-B diode
thin film [3]. However, contaminant species in the diocotron mode be demonstrated for
have been observed, and they will need to be non-protonic ions.
controlled through electrode cleaning IFE-equivalent divergences for lithium
techniques or by in-situ lithium deposition. beams on the SABRE accelerator are -17
The issue of surface contamination is very and 37 mrad at 4 MeV (1.25 keV and 5.0
serious for ion sources. Assuming a 1 kA/cm2  keV transverse energies, respectively, see
current density for 50 ns, the ion beam draws Fig. 1). Diocotron divergences of •10 mrad
a charge density of -3x10 1 4  ions/cm 2  from are predicte d iver of Addin thsi

the anode surface. Since each monolayer of are predicted for SABRE. Adding this in

surface contaminants has a density of-3xl0 5  quadrature with a 10 mrad source divergence

cm2, contaminants can overwhelm the gives a total divergence of <15 mrad. The
desired ion species. The subject of surface goal of Sandia's ongoing SABRE

dsrdbcotiong sexperiments is to reduce beam divergence to
contaminants and electrode conditioning 15±5 mrad divergence at 4 MeV.
techniques is discussed in detail in Ref 4. Light ion IFE is predicated on doubling

Ion beam divergence is the ratio of the ion the ion power on target by time-of-flight
momentum transverse and parallel to the bunching from the diode to the target. This
beam direction. Beam divergence can come requires a rising diode impedance. Further,
from the ion source, nonuniformities, and requires a ursi ngd e imeae. Furthe
transport-related processes. Electromagnetic hydrodynamic acceptance time of the ICE

instabilities in the virtual cathode of an

applied-B ion diode can also cause ion beam target. This sets the initial ion beam pulse

divergence. QUICKSILVER simulations length and places further constraints on the

show that the high frequency diocotron mode diode impedance. Recent experiments at
Cornell [7] and simulations [8] and

causes acceptable divergence, while the low experiments [9] at Sandia have shown that an
frequency ion mode causes unacceptably axial current load can significantly improve
large divergence. The ion mode also the impedance stability of an applied-B ion
enhances electron loss to the anode [5]. diode bylimiting beam current enhancement.
Strong magnetic insulation, uniform ion Finally, self-pinched transport experiments
emission, and limited current enhancement
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are being performed on the GAMBLE-II 5 MeV oxygen ions makes measurement
accelerator at the Naval Research difficult. We are investigating the possibility
Laboratories. Successful demonstration of of avoiding the oxide contamination problem
the principles of self-pinched transport would by using an in-situ lithium coating system [9].
provide an attractive IFE option that relaxes In-situ deposition on cryogenic anodes has
the divergence requirement of the injected produced high purity proton, nitrogen,
beam from 6 to 12 mrad. methane and neon beams [10]. We expect

that depositing a fresh lithium coating on an
SABRE RESULTS anode in a diode with a low base pressure

(<10" torr) and then firing the accelerator
We are integrating a laser-produced ion within 30 seconds should avoid the oxide
source, high magnetic insulation, and removal contamination problem.
of surface contaminants on the close-out Another serious limitation is that our
beam generation experiments on the SABRE particle-in-cell simulation codes can not
accelerator. The goal of these experiments is handle the anode and cathode plasmas that
to demonstrate an active lithium ion source form in ion diodes and strongly influence the
and study lithium beam divergence and beam generation physics. A hybrid modeling
impedance scaling. Progress to date, includes capability that can study the interaction
[9]: between electrode plasmas, the electron
. Reduction of proton contamination at sheath, and the ion beam is essential to

laser fluence •<0.4 J/cm 2 by a factor of 10- understanding applied-B ion diodes.
20 (to •100 A/cm2) with discharge
cleaning and strong insulation ACKNOWLEDGMENTS

. Earlier turn-on of the ion beam by 20 ns
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ABSTRACT

The paper reviews the experimental study and development of technological ion sources
performed under a joint IEP-IHCE program for recent years. The sources are based on pulsed
high-current glow and arc discharges and are designed for surface treatment applications. The
use of cold cathodes makes the sources more reliable when operated under elevated residual
gas pressure and at the presence of reactive gases, while the use of a repetitive pulse mode of
plasma production provides optimum conditions for stable operation of the discharge, for
controlling the average beam current over a wide range, and for formation of homogeneous
broad ion beams. The electrode systems used in the ion sources provide for operation of high-
current discharges at low pressures, production of stable, dense, and homogeneous plasmas,
and decrease the impurities content in the beam. Some design versions of the sources devel-
oped are presented that are capable of producing -1-10 mA/cm2 of current density in beams
with a cross section of some hundreds of square centimeters at accelerating voltages of 10-
100 kV, pulse durations of 10-103 gs, and pulse repetition rates of 1-500 Hz. Some applica-
tions of the sources for surface modification of materials are described.

INTRODUCTION

Industrial ion-beam technologies for modification of materials call for highly efficient,
simple, and reliable in operation ion sources. These sources should be capable of producing
high-current broad beams (BBs) with an ion energy of a few tens of keV and stable operating
in a po6r vacuum. A trend of development of technological ion sources which would came up
to these requirements involves the use of high-current glow or arc cold-cathode discharges,
which are less sensitive to the process media as compared to thermoionic-cathode systems.
Due to fundamental differences between thermoionic-cathode and cold-cathode discharges,
the development of gaseous ion sources based on cold-cathode discharges calls for new con-
cepts and approaches to solve the problems related to the initiation and stability of the dis-
charges at low pressures, to the production of stable, dense, and homogeneous plasmas, to the
formation of a uniform plasma emitter of ions and of homogeneous BBs, and to the decrease
of contamination of ion beams. The use of a repetitive pulse mode (RPM) for discharge run-
ning is the way to solve some of these problems. A proper choice of discharge current and
pulse duration provides stable operation both of a low-current arc with a cathode spot, and of
a high-current glow discharge. At the same time, one can control the average current of the
beam over a wide range by varying pulse repetition rate. In doing this, the conditions for the
formation of a beam in a multiaperture ion optical system (1OS) are retained, and, hence, the
beam remains homogeneous at the target. The studies performed have resulted in the devel-
opment.of broad beam sources of gaseous or metallic ions or of their mixtures.
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DESIGN AND CHARACTERISTICS OF ION SOURCES

1. The gas-ion source based on an inverted magnetron electrode system

High-current mode of a glow discharge under the low gas pressure and/or low operating
voltage and producing of a homogeneous plasma in electrode system of the inverted magne-
tron type are provided as a result of: (i) more complete using of the ions not involved in the
beam for sustaining electron emission from the cathode; (ii) efficient ionizing of the gas by
fast electrons arisen as a result of ion bombardment and accelerated in the cathode fall region;
(iii) oscillating of fast electrons in the cathode cavity under action of electrostatic and mag-
netic fields, and (iv) stable transportation of the generated electrons toward the anode without
formation of a high-voltage near-anode layer or build-up of plasma instabilities.

The general appearance of the ion source is presented in Fig. 1. At one end of grounded
case 1, ceramic high-voltage insulator 2 is placed on which a discharge electrode system is
mounted. The electrode system consists of cathode 3 of diameter 150 mm made of stainless
steel and tungsten rod anode 4. At the other end of the case, three-electrode multiaperture
IOS 5 is placed. Magnetic coil 6 establishes a magnetic induction - 1-2 mT at the axis. The
cavity of insulator 2 is filled with transformer oil cooled by water circulated through radiator
7. Inside this cavity, the cable lead-in 8 and the gas feed entrance 9 are mounted. The case,
heated radiatively by the cathode, is equipped with water cooling jacket 10.

The flow rate of the gas fed into the cathode cavity is ~1000 cm3 atm/h, gas pressure in
vacuum chamber being (0.2- 2 )x104 Torr. An RPM with a pulse duration of 50-1000 gs and
repetition rate of 1-500 Hz is used. The pulsed current of the discharge is 1-10 A. The dis-
charge voltage, depending on the discharge cur-
rent and on the gas pressure and sort, ranges
from 0.5 to 1 keV. The radial distribution of the
plasma density is uniform to within 10%. The 7
ion beam is formed by a three-electrode IOS
having holes of diameter 8 mm. The source gen-
erates gaseous ion beams of cross-sectional area
100 cm2, ion energy up to 50 keV, pulsed current
up to 1 A, and average current up to 50 mA.

Use of a weak magnetic field makes it pos-
sible not only to decrease the discharge igniting
and operating voltages but also to decrease a
non-uniformity of radial plasma profile [1]. 9
The characteristic feature of RPM of a glow dis-
charge with a large surface area of a hollow 4
cathode is the dependence of the cathode surface 3
condition on the average discharge current. As a
result, characteristics of a pulsed breakdown of 6
the discharge gap and discharge operating volt-
age depend on RPM parameters [2]. 5

Mass spectrometry of the composition of
the plasma has detected two types of impurity: •
ions of the cathode material and ions of the pre-
viously used gas. The degree of pollution of the
plasma depends on the heat exchange at the cath- Fig. 1. Cross-Section of an Inverted
ode and on the chemical activity of the gas. Magnetron Structure based Ion Source
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When the. cathode is heated to a high temperature, chemical compounds are formed as a result
of the diffusion of the gas atoms and their chemical interaction with the cathode material.
Therefore, on changing the gas, ions of the previously used gas may appear as a result of
cathode sputtering followed by ionization of the sputtered atoms. The degree of plasma pol-
lution and the duration of the transient process depend on the gas sort. When argon is re-
placed for another gas, argon ions are not detected in the plasma. The oxygen ion content
falls to -0.5% in a few minutes, while the nitrogen impurity content in the plasma decreases
from -20% to -1% in --20 min. [1]. Efficient cooling of the cathode practically precludes the
appearance of gaseous impurities, but leads to an increase in the content of metallic ions in
the plasma. This content, depending on the discharge current and the gas sort, may vary
within several percents. As the discharge current is increased to over 2 A, the content ratio of
the atomic and molecular nitrogen ion in the plasma approaches unity.

2. A gaseous ion source based on a hollow-cathode non-self-sustained glow discharge

Fig. 2 shows the cross-section of the ion source based on the plasma-emission structure,
where the self-sustained discharge operates as a plasma cathode to keep a non-self-sustained
high-current discharge going at a low voltage between the electrodes, while the electrode
structure of the non-self-sustained main discharge provides efficient and uniform ionization
of the gas in the cavity at low pressures, i.e., produces a plasma emitter of ions.

Ion emitting plasma is produced inside the cylindrical aluminum cathode 1 of the main
discharge. The anode of the main discharge consists of four tungsten rods 2 of diameter 2
mm and length 50 mm, arranged symmetrically inside the cavity. The non-self-sustained
glow discharge is sustained with the auxiliary glow discharge between the keeping cathode 3
and main cathode 1. A bias voltage, positive with respect to the auxiliary hollow cathode (d =
60 mm, 1 = 80 mm), is applied across these electrodes. To ignite the auxiliary discharge, a
surface discharge over a dielectric 4 is used. The auxiliary glow discharge provides injection
of electrons into the region where the main discharge plasma is generated through the emis-
sion hole covered with a high-
transparency fine metal grid. The
injected electron current makes up about
0.8 of the auxiliary discharge current.
These electrons are accelerated in the
cathode fall region of the main 9
discharge and, oscillating inside the
cathode cavity, efficiently ionize the 4
gas. Used as working gases were argon, 3
nitrogen, oxygen, and methane. 2

Since the coefficient of the ion-
electron emission from the cathode is 7
much below unity, the ionization of the 8
gas intensifies abruptly even if the
injected electron current is insignificant 1
compared to the discharge current. This
keeps a high-current, low-voltage
discharge operating at reduced gas
pressures [3]. Thus, for instance, with 5 6
externally injected electrons whose cur-
rent made up not over 30% of the main Fig. 2. Cross-Section of an Ion Source
discharge current, the lowest gas based on a Non-Self-Sustained Glow Discharge.
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pressure at which a hollow-cathode high-current discharge was still operative decreased from
50 to 5 mPa and the voltage fell to 100-50 V. Furthermore, a higher diffuse discharge cur-
rent (up to 50 A, 0.3 ms) was achieved without a glow-to-arc transition.

Acceleration of ions to a required energy was accomplished with the use of a three-
electrode IOS (grids 5 and 6) with apertures of diameter 5 mm. The source is force-cooled
with air using fun 9. In the pulsed mode with a pulse duration of 0.3 ms and an accelerating
voltage of 30 kV, the source is capable of producing an ion beam of cross-sectional area
100 cm2 with the current up to 1 A. A strict correlation between the discharge operating volt-
age and the mass-charge composition of the beam is observed. Reducing discharge operating
voltage depresses the cathode sputtering and the contamination of the main discharge plasma.
At voltages below 100 V, the beam is in fact free from the metallic ions.

3. TITAN-2, a source of metallic and gaseous ions

Our recent efforts directed toward refining vacuum-arc ion sources have been related to
the use in the discharge system of a strong magnetic field localized in the discharge cathode
region and affecting not only the electronic component but also on the ionic component of the
plasma [4-7]. This field provides repeated ionization and, correspondingly, an abrupt
increase in the average charge of the metallic ions in the plasma. This makes possible to
increase the ion energy in the beam not increasing the accelerating voltage. Strong magnetic
field provides the possibility to ignite a vacuum arc using a low-pressure auxiliary glow
discharge. The use of plasma-emission structures based on a low-pressure arc with a cathode
spot make it possible to produce two-component beams of gaseous and metallic ions with a
prescribed component ratio. With that, the content range is 10-100% for the gaseous compo-
nent and 0-90% for the metallic one.

An ion source based on a vacuum arc initiated by an auxiliary Penning discharge in a
strong magnetic field is shown schematically in Fig. 3. To initiate a vacuum arc between the
cathode* 1 and anode 2 an auxiliary high-current glow discharge between the electrodes 1 and
2, having cathodic potential during an igniting process, and anode 3 is used. The vacuum arc,
whose current reaches 100 A, is sustained by a pulse-forming line producing voltage pulses of
duration 400 gs. While the arc operates, the plasma of the material of cathode 1 fills hollow
anode 2. When an accelerating voltage of 10-50 kV is applied to the ion source, ions are
extracted from the plasma surface covered with emission grid 5 with meshes 2x2 mm in size
and an area of 270 cm2 . The ion extraction
system includes two grid electrodes 6. First 1
accelerating grid is grounded, while a nega-
tive voltage of several kilovolts is applied to 3
second grid to cut off secondary electrons.
Grids 6 were made of stainless-steel wires 4
stretched in parallel, thereby providing high
transparency (90%) of the IOS and minimiz-
ing the ion losses. To create a magnetic field
in the discharge cathode region, four perma-
nent magnets 4 arranged on the perimeter of
the discharge chamber are used with cathode .......
holder and anode 2, both made of a magneti- ...........
cally soft material, serving as poles for mag-
netic core. In this system, the magnetic field
induction at the cathode surface reaches 0.7 T. Fig. 3. Titan-2 Ion Source
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The source produces a beam of Ti and Al ions of current 0.7-0.9 A. The saturation of
the source current-voltage characteristic begins at a voltage over 20 kV, which can be consid-
ered as the lower limit for the operating voltage range of the source. A specific feature of the
emission characteristic is that the ion current is not directly proportional to the arc current.
This indicates that the ion extraction becomes more efficient when going to higher voltages of
the arc discharge. The current density distribution over the beam cross section in the lOS
under consideration is strongly affected not only by the radial profile of the plasma, but also
by the position of the plasma boundary. At higher arc currents or at lower accelerating volt-
ages, the distributions having a minimum in the center are observed. Increasing accelerating
voltage-or decreasing arc current has the result that the current density distribution is trans-
formed to a nearly Gaussian distribution.

SOME APPLICATIONS

When high-power beams are used, the specimens have an elevated temperature in the
process for high-dose ion implantation. Therefore, in many cases the result of ion treatment
depends on the temperature-dose mode, i.e., on the combination of the values of dose, D, and
spacemen temperature, T. The D-T mode determines the value of the retained dose and the
depth of the modified layer. It is well known that for high-dose implantation, the remained
dose is limited due to surface sputtering. However, the elevated temperature may increase the
rate of the diffusion of impurities and form extended layers with an elevated concentration of
interstitial atoms. On the other hand, using too high temperatures may enhance the diffusion
of impurities abruptly and result in a decrease in the impurity concentration. With that, the
changes in the properties of the material may appear to be insignificant.

Experiments [9] on implantation of nitrogen ions with a dose of lxl0i" cm-2 into stain-
less steel X18NOT have shown that the T -400 'C kept in the process of implantation is best
for enhancement of the steel wear resistance. Irradiation under these conditions resulted in a
fourfold increase in microhardness (up to 16 GPa) at a depth of -50 nm and in a 100-fold
decrease in wear rate measured in pin-on-disk tests. As the T was increased to 700-800 'C,
the microhardness increased to 9 GPa in thicker (>1 uim) layers; however, the decrease in
wear rate in this case was not over 40%.

The ability of ion treatment to affect significantly the surface hardness and relief was
harnessed to enhance the durability of coatings deposited on surfaces previously treated with
an ion beam. Treatment of hard alloy, stainless and tool steels with nitrogen and carbon ion
beams has made it possible to increase the resistance of diamond-like coatings to abrasive
wear 3-5 times. Ion beam assistance during vacuum arc deposition of multilayer Ti-TiN
coatings of thickness up to 20 urm has allowed an decrease in their abrasive wear by 30%.

An attractive application of mixed (gaseous and metallic) ion beams generated by a
vacuum-arc-based ion source is the production in the surface layer of the material of chemical
compounds showing high hardness (nitrides, oxides, and the like) [10] and capable of

Table 1
Specimen !Ionic Wear (rel. un.) Increase

No. composition Implanted region Original surface
1 Ti(100%) 15.94 24.82 1.6
2 Ti(60%) + N(40%) 1.05 44.04 42.0
3 A1(50%) + 0(50%) 2.92 27.96 9.6
4 C(50%) + N(50%) 31.71 60.91 1.9
5 Cr(50%) + 0(50%) 2.83 27.37 9.7
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improving substantially the performance of the articles. This technique for production of a
hardened surface layer has the advantage that their is no problem with adhesion, and fine-
grained phases can be formed. Table 1 presents the results of wear testing of stainless-steel
specimens treated with a gaseous-metallic ion beam. The best result (with the wear resistance
increased more than 40 times) was observed with a beam containing nitrogen and titanium.

SUMMARY

Several types of plasma-emission structures based on cold-cathode pulsed glow and arc
discharges are proposed and investigated. These structures are intended for production of
beams of gaseous and metallic ions and of their mixtures. Ion sources capable of producing
high pulsed and average current densities in a large-cross-section beam. The high beam cur-
rent together with the simplicity of design and operation and the high reliability of these
sources make them promising for use in industry, in particular, in technologies for surface
modification of materials by ion implantation and ion-assisted deposition of coatings.
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Abstract

The 6MV, 400kA accelerator KALIF-HELIA is presently under construction at the
Forschungszentrum Karlsruhe. It is based on a design that couples a self-magnetically
insulated transmission line with the linac induction principle. The accelerator can be used in
either polarity for the generation of an ion- or an electron beam respectively. In positive
polarity improvement of the quality of intense light ion beams will be the most important
research area. Beam divergence scaling laws with voltage and mass will be investigated
experimentally. In negative polarity the extracted electron beam will be used for potential
future applications where a high dose, high dose rate and a large exposure area might be
advantageous.

Introduction

Since the first induction linac built in 1964 [1], these accelerators were used mainly for the
production of high quality electron beams with currents up to I0kA, energies up to 50MeV
and kHz repetition rates. With their electric fields below the self emission threshold
(-20MV/m) the achievable power density in linacs is limited to 0.5TW/m2. Much higher
power densities were achieved when the electron beam accelerated on axis of the linac
cavities was replaced by a solid inner conductor that formed a coaxial transmission line with
the inner bore of the cavites. This coaxial line was operated as magnetically insulated
transmission line (MITL) with electric fields well above the emission threshold. Related to its
high power density the size and costs of accelerators based on this magnetically insulated
voltage adder (MIVA) principle could be reduced and they therefore were considered as
drivers for ICF related applications. However, the MIVA inherent problems and their
influence on the beam properties remain to be solved. These are mainly: a) a fraction of the
beam energy is carried as electron vacuum current, b) the beam must be generated and
focused in one or two stages (the 'diode') and c) the ion- or electron source must deliver much
higher currents compared to a linac source.

Description of KALIF-HELIA

KALIF-HELIA is the first accelerator in Europe based on this MIVA design that was already
used for the construction of the accelerators HELIA, HERMES III and SABRE at Sandia
National Labs. (SNL) and for the COBRA machine at Cornell. The KALIF-HELIA Marx
generator' (see MG in Fig. 1) consists of a total of 36 capacitors with 2.2[LF each, chargeable
to a maximum voltage of 100kV. Thus the maximum energy stored is 400kJ. This energy is
transferred to 4 Intermediate store capacitors (ISC). The capacitance of each of these coaxial

'This Marx generator was originally developed by SNL and built by the Ktech Corp. in Albuquerque, NM.
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__waterfilled cylinders is 9nF; 12.5nF capacitors
•S19 sOLF OLS are optional. Their discharge is made by 4 gas

S switches (GS) triggered by a 300mJ KrF laser.
The energy from the 4 ISC is transferred to a.rlM total of 12 water insulated pulse forming lines

(PFL's), arranged in 2 horizontal rows on 2
different levels. Each PFL consists of 3

ICt 1C2 IC3 IC4 'Cs tC6 -a°nre rec-tron d-- sections: the pulse charge section PCS is
•I1 _ connected by the output switch to the first

-__ output line OLF which discharges by a prepulse
_-- switch to the second output line OLS. This

switch/transmission line sequence produces the
required pulse shape and minimizes the

monioroaon: 6 prepulse. The pulses delivered by the PFL's
. 39, 333524 10 3,0m enter the induction cells (IC) at diametrically

Fig. 1: Scheme of KALIF-HELIA opposite points, are mixed by azimuthal
distribution lines and fed homogeneously to the

insulator stack and the radial feed section. The 6 insulating magnetic cores (MC) are tape
wrap-ups of plastic for insulation between the amorphous metal layers. They experience a
voltage which peaks at 1.3MV and integrates to 63mVs over the pulse. The core cross
sections are chosen such that this delivers a flux swing of 3T to the magnetic material2 . The
MIVA impedance is strongly influenced by the electron vacuum flow. It is due to the high
electric fields launching electrons into the vacuum gaps formed by the 'radial feed' sections
and the 6 coaxial sections formed by the bore diameter of the cavities and the 6 different outer
diameters of the inner stalk. The MIVA should deliver a fast rising 6MV pulse to the load

with a minimum electron vacuum flow. The results
90 ..- 4S from different approaches used for the determination

�o.70 . --[.. , of the MIVA gap sequence gl to g6 (Fig. 2) are in
,- 6-. rather good agreement but differed considerably

40 from a non-emission design (Ivac=O). Finally, the gap
0.400 width of the 6 coaxial sections was chosen

20 . ....... according to the results from calculations of the

- . - -.- vacuum impedance for each section (8.25, 14.1,
in cavity no. 18.9, 23.0, 26.7, and 30.0), that allows the highest

Fig.2: MIVA gap width calculations value of the flow impedance for each section
without adding any unnecessary inductance slowing

down the rise time of the pulse[5].
The diode voltage and the total energy delivered to the assumed 1502 load depend on the
switch-out time of the PFL's. The maximum diode voltage Vd of 6MV will be achieved if the
PFL's are allowed to charge up to 2.12MV, the energy Ed will be 116kJ ( Fig.3 ). If the PFLs
are switched-out at about 2MV, the maximum energy of 120kJ is supplied at a somewhat
lower diode voltage of 5.9MV. If considered useful, the energy delivered to the diode can be
further increased by about 25% if the ISC are modified from 36nF ( as built ) to 50nF (Fig.3).
The electron vacuum current -to be considered as a loss for an ion diode- is not taken into
account in these transmission line calculations. According to 1D-laminar flow models and 2D
PIC calculations, the vacuum current may reach up to 30% of the total current of 440kA,
assuming 5.4MV at the load [6]., The last cavity connects either to a 30K2 extension MITL
with a length of 1.1 m or to a 300 transition MITL which supports the anode or cathode of the

2 The tape wrap-ups were produced by the Vakuumschmelze Hanau, Germany, using Vitrovac tape material.
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diode. With possible outer diameters up to 50cm
large area diodes with correspondingly low current

densities (<lkA/cm) can be used. Compared to
AO iother MIVA type accelerators KALIF-HELIA•-2,0 -offers the following improvements: a) the radial

gm S•ch "feeds of the induction cavities were covered with an
-'° sM anti-emission coating raising the emission threshold

-50 M to 40MV/m, i.e. a reduced electron vacuum current,

6.0 L( ,, 2", b) the magnetic material used for the fabrication of
7.0Ts.me the induction cores is 'Vitrovac' which was

7.0 , •, ' , 1500

extensively tested and qualified, c) flexible joints on
,,o both sides of the PFL's allow variations in the axial

36 . . . extension of the adder which might be caused by
6. - .o 130 spools for diagnostics or retrapping rings for the

. ' "- 10 vacuum electron current and d) compared to its
1 50 pulse length of 60 ns the adder is electrically short,

"0. 110 i.e. undermatching of the diode to the adder should

1.0 .1 2 . reduce the vacuum electron current. A more5.1.9 21.0 2.1 2.2 2.3 2.4

PFL SMtchout Voltage [ detailed description is given in [7].
Fig.3: Predicted voltages and energies

Program for KALIF-HELIA

The maximum power density achievable in the focus of an extractor type ion diode is
proportional to the beam brightness B which is proportional to 1/02 with the divergence 0 as
half angle of the emission cone of a beamlet. Reliable scaling laws for the beam divergence
are needed. The presently known sources of beam divergence can be subdivided in those
which favorably scale with the acceleration voltage V and/or ion mass M and those which are
independend of V and/or M [8]. In particular, all effects resulting from anode plasma
inhomogeneities are independent of V. If they dominate the contributions to beam divergence
no improvement is to be expected from raising V and/or M. Therefore it is crucial to first
supply a sufficiently homogeneous and smooth ion source from which a space charge limited
ion beam can be extracted. Presently no high-power experiments are available that have been
conducted both at low and high accelerating voltages with comparable high quality ion
sources. The radial ion diode on PBFAII has produced a 9MeV Li+ beam with 24mrad and a
5MeV proton beam with a divergence of l6mrad [9]. Similarly low divergence has been
obtained for a proton beam at the 1.4MV accelerator PBFAI. This seems to indicate that in
these cases the divergence was determined by the properties of the anode plasma. Therefore,
in a first step it is foreseen to use the successful sliding discharge proton sources used in
KALIF Bappi diodes, adapted to the needs of KALIF-HELIA and to operate this proton diode
up to 6 MV. This would allow to test the voltage dependence in the divergence equations. In a
second step, assuming a high quality lithium ion source becomes available, the mass
dependence in the scaling laws will be checked. With 2-stage diodes a further divergence
reduction will probably be achieved because ideally the second stage should add just
longitudinal velocity to the beam. However, the operation of 2-stage diodes under high power
conditions is rather complex and a verification of the predicted results on high power
machines is necessary. KALIF-HELIA is -related to the axial flexibility in the positioning of
the cells-ideally suited for this purpose.
In negative polarity experiments are feasible in fundamental research related areas as well as
for technological purposes. Examples for the first group are: the interaction between pencil-
type e-beams and matter or the biological effect on micro-organisms depending on high dose
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rates and doses. If e-beams with sufficiently small energy distributions could be achieved,
pumping of excimer- and FEL lasers or the production of high power microwaves could be
considered. Technological applications require in general energy densities from 0.1 to
1 0J/cmr2 and repetition rates up to 100Hz. With the energy available and the single shot
operation mode of KALIF-HELIA only proof of principle type experiments up to extreme
dose rates and doses on large area/volume samples seem to be feasible. They might be related
to areas like chemistry (polymerisation, production of fibers and foils...), material processing
(all kinds of surface treatment of metals...), envirenment (treatment of biologically hazardous
materials..) and food processing (sterilization).
The design of todays pulsed power prototypes for industrial purposes at FZK was strongly
influenced by our pulsed power generators POLLUX and KALIF. KALIF-HELIA will
influence future prototypes, namely the design of components like high power Marx
generators, laser-triggered gas switches, magnetic switches and high power transmission
lines. Due to its flexibility this accelerator offers also the possibility to serve as a test bed for
future HV components.

Status

The assembly of the accelerator started end of 1997 in a building that had to be adapted to its
needs and the requirements of the licensing authorities.Actually all of the components were
put in place. The oil-, water-, gas- and energy supply systems are in progress as well as the
safety- and controll circuits. First calorimeter experiments are foreseen for autumn 1998.

Summary

KALIF-HELIA is the first accelerator in Europe which couples the principle of an induction
linac with that of the magnetically insulated transmission line. Comparingly low in costs and
size it will deliver as much as 150kJ to a target either as an electron or an ion beam. However,
it is of prime importance to improve the beam quality and reproducibility. With KALIF-
HELIA in positive polarity we first intend to verify the voltage dependence of existing scaling
laws for the beam divergence by operating the same type of proton diode already used
successfully at KALIF. If a suitable Li÷ source becomes available the mass dependence of the
beam divergence will be verified in a second step. In this case a specific power deposition of
up to 5000TW/g might be achieved leading to radiation dominated high densiy plasma
regimes so far not achieved. In negative polarity operation, proof-of -principle type
experiments up to extremes or on large area samples are feasible. Finally the experience
gained with this novel technology accelerator will stimulate the development of modem
pulsed power devices for technological applications.
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The effect of the irradiation of leakage electrons on the anode is evaluated by using two types
of different magnetic field geometry of an applied Br magnetically insulated diode. For the
geometry of Type I where leakage electron is rare, the diode turns on with large delay time and
the efficiency was worse. For Type 2 where initial electron irradiation of anode occurs, the turn
on delay was reduced and high current density of ion beam was obtained with higher efficiency.
From the result we see that electron bombardment strongly promote the production of anode
plasma on the flashboard.

The characteristic of magnetically insulated diode in a multi-shot operation is investigated.
An ion current density (Q) decrease with increasing number of shots. The reduction of J is
found to be mainly due to the accumulation of conductive stick matter on the flashboard.

1. Introduction
Intense pulsed light ion source is one of the hopeful candidates for the energy driver of

inertial confinement fusion (ICF). To develop highly bright, repetitively operational ion
sources, we have studied the characteristics of flashover type ion sources used in mag-
netically insulated ion diodes (MID's).

The effect of the irradiation of leakage
electrons is evaluated by using Br-MID
of different magnetic field geometry.1 ) Front of PIN diode or
In addition the characteristic of the To 1st pinhole of MTPS
flashboard in a multi-shot operation is driver
investigated by using racetrack MID.2 ) Anode

2. The effect of electron irradiation ute cathode
In the experiment we use Br-MID and Inner /

to evaluate effect of electron irradiation
to the flashboard, two types of insulating
magnetic field geometry are used. The
cross-sectional view of the MID is
shown in Fig.1. The diode consists of Inner
an aluminum anode, a pair of coaxial Outer B-dot loop

stainless steal cathodes, and a pair of n
insulating magnetic field coils. The Magnetic
anode has a dimension of outer radius = field coils

55 mm, innerradius = 25 mm. On the I 50rnmm

active surface of the anode (r--30-50
mm) epoxy filled azimuthal grooves of
depth and width = 1 mm are made. As Figure 1. Cross-sectional view of Br-MID and
a cathode, a pair of cylinders (inner and diagnostics. The diode is axis-symmetry with
outer cathode) is faced to the anode at A- respect to the dashed line.
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K gap length (d) = 5 mm. To produce
Br-field a pair of multi-turn coils was ,
used, the current of which were 0. 20
independently controlled to change the
field geometry. Two types of field • Type 2
geometry are used in the experiment. > 10
For Type 1, magnetic flux of the B, field . Typel
is constant in radius and for Type 2, the 0 .......'....
magnetic field lines are parallel to the 0
anode surface. In the experiment pulse 0 50 100 150
power machine "ETIGO-II" was used* ) Time (ns)

Diode current (Id), ion current (VI),

inner cathode current (le), and outer Figure 2. Output signal of the X-ray PIN
cathode current (Io) are measured by diode
using B-dot Loops.

Figure 2 shows bremsstrahlung X-ray signals produced by the irradiation of leakage
electrons. The PIN diode was used and it has a collimator to detect X-ray signal only from
the anode surface. From the figure we see that for Type 2 diode, higher peak and faster rise
of the signal is observed, which indicate the strong irradiation of anode surface in the early
stage of the diode operation. The signal quickly droops at t= (90-105) ns, although Vd is
still at high voltage. The peak intensity is more than 5 times larger than the case of Type 1.

Figure 3 shows typical waveforms of the diode. In Type 1 Ii rises with delay (turn-on
delay time, r) of 60 ns after the rise of diode voltage (Id). Peak value of 1, (7 30 kA) is
obtained at t = 120 ns, where Vd has already fallen down. The maximum ion beam power
(P, = Vd'l) of 16 GW is obtained at t = 80 ns. In the diode, large part of Id is due to Ieo and
the ratio of I/ to Id is very small, which means that large part of diode energy is converted to
the electron beam emitted from outer cathode.

On other hand, in Type 2 diode, I, rises at t = 30 ns fast rise of '; •20 ns is obtained and,
both has a peak at t 85 ns. Peak value of I, and P, are evaluated to be 80 kA and z 80

Pi Vd Pi Vd
8a 1 (kA) (GW) (kV) (kA)

80 800- (a) Type 200 80 800 V Vd (b) Type 200

P'.

40 400P 100 40 400- '100

100I d . 2 0 0 I d2 0 0

"X100 100

................. W ..................... ..... . . :..... ........................... .. N ........
I I ' ' ''I I I I -L ' \ - 0

0 50 100 150 0 50 100 150
Time (ns) Time (ns)

Figure 3. Typical waveforms in (a) Type 1 and (b) Type 2.
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GW, respectively, the values are much larger than the case of Type 1. The ratio of electron
current (le+le) against Id is observed to be much lower than the case in Type 1. Thus, we
see that, in Type 2 diode, input energy is effectively converted to ion beam energy.

To evaluate the characteristics of the diode in two types of insulating magnetic field
geometry, time resolvable, multi-pinhole type Thomson parabola spectrometer4 ) (MPTPS)
was utilized. By the spectrometer, time history of ion energy, divergence angle of each ion
species and ion beam composition were evaluated. For Type 2, proton beam was observed
even in the rise time of Vd whereas for Type 1 ion beam was observed only after the peak of
the diode voltage. In addition, in Type 2, divergence angle just after the turn-on is observed
to be small whereas after the peak of Vd, it increases.

Table I list the divergence angles and beam composition obtained by the time integrated
MPTPS. From the table, we see that divergence angle is 60 to 70 mrad in 9-direction and
40 to 50 mrad in r-direction, which are independent on the ion species or magnetic field
geometry. We have evaluated the ion beam compositions by averaging the data of all sets of
injection angle. The result is also showed in Table I. As seen in the table, 60% of the
beam is proton in both case and there is no dependence on the field-geometry.

Table I. Beam properties obtained by using multi pinhole Thomson parabola spectrometer.
Divergence angle (mrad) Beam composition (%)

(0-direction x r-direction)
H+(300keV) C+(300keV) O+(300keV) H÷ O C+ O

Type 1 60 x 51 74 x 44 70 x 5) 58 23 15 4
Type 2 69 x 43 60 x 50 64 x 52 67 24 6 3

3. Successive operations of MID
In the experiment racetrack type MID was utilized. In the MID, an insulating magnetic

field (By) is produced by a one-turn coil, which also acts as a cathode. Inside the one turn
coil cathode, aluminum anode (flat, active area is 70 x 70 mm) is placed, which is connected
to the output feeder of "ETIGO-II". The anode has thirteen of polyethylene-filled, 70-mm-
long groves on the surface. The grooves has a width and pitch of 3 and 6 mm, respectively,
and they are oriented parallel to the
magnetic field.

For the measurement of ion current 1.2 600
density (J), biased charge corrector was _#703
used, which was located t 35 mm down- 570.8 •= 6.5mm 40V
stream from *the anode surface. The st sho

process of the successive operation is as 'T 0. -200~
follows; First shot is operated at 90 0o-----------------------0
minutes after the start of evacuation. 1.2 600
After the first shot, the diode is operated -#709
with shot to shot interval of 15 minutes. 5 0.8- d m 40
After the shots vacuum is broken to 7th shot

replace the anode. The pressure of the :T 0.4 - 0200

diode at the operation is around 10-2 Pa. 0----....-.....-- .-------:

Through the experiment ratio of t I I I
insulating By field against the critical 0 100 200 300 400
value was adjusted to be 1.1-1.2. Time (ns)

Figure 4 shows typical waveforms of Figure 4. Typical waveforms of Vd and J,
Vd and Ji when d = 6.5 mm. As seen in when d = 6.5 mm.
the figure, J, rises at about 30 ns after the
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main pulse of Vd and peak value ofJ1 =

330 A/cm2 is obtained.
Series of the successive operations 500

are repeated for 8-11 times for each 0 o -- omm
gap length. Figure 5 shows the 400 9 d=6.5mm

dependence of peak value of J, on the 0 d=9.5mm

number of shot. For d = 5 mm, large E 300
value ofJ, = 350 A/cm2 is obtained for 4_Z
the first shot. The value is much larger - 200
than the space charge limiting current
of proton. The value of J, gradually10

decreases shot by shot and for 7th shot
J, becomes less than 150 A/cm 2. On 01
the other hand, J, at the first shot de- 1 2 3 4 5 6 7

creases with increasing the d, whereas Number of shot

for 7th shots J, is almost independent Figure 5. Dependence of the peak value of J, on
on d. This result suggests that for the the number of shot.
first shots J, is determined by the space r
charge effect, whereas for the latter &-6.5 mm
shots J, is limited by the source plasma. --6.5 mm

Hence the plasma production is 3W
insufficient in the latter shots.

After the shots, the surface of the
flashboard was covered with . 200 ' 4
conductive black layer. To analyze I-
the material stuck on the surface of the
flashboard, pure Si substrate was ¶00
attached on the center of the flashboard (a) (C () (g
and after the shots the surface of the 0 , ,,,,

substrate is analyzed by an X-ray 1 3 5 7 9 10 12 14 15

florescence analyzer. From the Number of shot

measurement the stick matter is found Figure 6. History of J,.
to consist of Al, Zn, Fe, and Cu, which
seems to be produced by the ablation of the diode electrodes.

To evaluate the effect of the stick matter, J, is observed on the following procedure. (a)
Make 6shots, (b) break the vacuum, (c) evacuate and make 3shots, (d) break the vacuum and
wiping the surface to remove the stick matter, (c) evacuate and make 3shots, (d) keep a low
pressure vacuum of 10 Pa for 20 minute, e) evacuate and make 1 shot. Above the procedure
is repeated for 5times to accumulate the data.

Figure 6 shows the results of the experiments. As seen in the figure, after the process (c)
higher value of J, is obtained for only one shot whereas after process (d) we obtain a similar
profile to the process (a). From the result we see that by removing the stick matter ion
current density is enhanced. Since the stick matter is conductive, the stick matter may
discharge the surface charge and reduce the surface flashover.
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Abstract: Comparisons of detailed measured implosion characteristics of annular wire
array z-pinches with those modeled and simulated give insight into pinch dynamics and
x-ray power generation.

INTRODUCTION
The discovery [1] that the use of very large numbers of wires enables high x-ray power to

be generated from wire-array z-pinches represents a breakthrough in load design for large
pulsed power generators, and has permitted high temperatures to be generated in radiation
cavities [2, 3] on Saturn [4] and Z [5]. In this paper, changes in x-ray emission characteristics
as a function of wire number, array mass, and load radius, for 20-mm-long aluminum arrays on
Saturn that led to these breakthrough hohlraum results, are discussed and compared with a few
related emission characteristics of high-wire-number aluminum and tungsten arrays on Z. X-ray
measurement comparisons with analytic models and 2-D radiation-magnetohydrodynamic
(RMHC) code simulations in the x-y [6] and r-z [7] planes provide confidence in the ability of
the models and codes to predict future x-ray performance with very-large-number wire arrays.

RESULTS AND DISCUSSION
Wire Number Variation: In the first set of Saturn aluminum wire-number

experiments [1], the array mass was fixed and the wire number was varied by more than an
order-of magnitude from 10 to almost 200 by simultaneously changing the interwire gap and the
wire size. This procedure was carried out for a 0.62-mg and a 0.84-mg array having an initial
radius of 8.6 mm and 12 mm, respectively. The variation permitted interwire gaps to be
explored from 6 mm down to 0.4 mm for both the small- and large-radius arrays. Decreasing
the interwire gap resulted in monotonic decreases in the risetime and width of the x-ray pulse
and simultaneous increases in radiated power and energy, in the same way for both array radii
(Fig. 1). Over the 6 to 0.4 mm gap reduction explored, the total radiated power increased by a
factor of 20 (Fig. IA) and the total radiated energy by a factor of 2 (Fig. 1C).

In addition, for gaps smaller than 2±0.6 mm, the character of the x-ray emission
qualitatively changed, transitioning from a broad, single, irregular radiation pulse at large gaps,
to a strong, narrow, evenly-shaped radiation pulse, that was followed by a much weaker pulse
at small gaps (Fig. 2). The weaker pulse is consistent with a second radial implosion [8]. For
gaps greater than -2 mm, time-integrated images of the pinch exhibit the presence of a kink
instability; time-dependent images show significant precursor plasma stagnating on axis,
generating soft x-ray emission tens of nanoseconds prior to the main implosion, in agreement
with earlier experiments. For gaps less than -2 mm, on the other hand, no kink instability is
observed, with only a minimal precursor plasma forming. Moreover, the change in the temporal
shape of the x-ray pulse (Fig. 2) and spatial quality of the pinch occurred along with
corresponding quantitative transitions in the rates of change as a function of gap of (1) the
emitted x-ray power (Fig. lA) and (2) energy (Fig. 1C), (3) the average size of the K-shell
emission region (Fig. 1B), and (4) the average K-shell emitting ion density (Fig. ID) and (5)
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100 2W° electron temperature (Fig. 1E). The emitting ion densitiesA.Ct
G.0.84:t-O08 M 100 and electron temperatures were inferred from x-ray size

2.3 A0.4. data tooether with the K-shell power and K-series
" 9 °' " spectrum data. Not enough data was taken at wide gap

10 ,KAR spacings, however, to ascertain how rapidly this transition
0 G . 1.0 in x-ray behavior took place. For this rea o, w e rs n

it experimentally as a transition between two power laws

G-1.8 ±0A.4 as illustrated in Fig. 1, with the power indicated by the
2 dependence on gap (G) shown.

3*B Measurement of the slope of the optically-thin, free-
to-bound, x-ray emission (Fig. IE) determines the electron

* temperature of the hot core of the pinch [8]. It exhibits no
01 variation with gap (dashed lines) and is only a function of

:110
o G-0. 23 ,±0.07 the implosion kinematics. For large gaps, where the
o measured ion density is low, the temperature extracted

SI.5 from K -shell line ratios [9] (solid lines) agrees w ith that
extracted from the free-to-bound emission. As the gap

"3 ...... decreases and the emitting ion density increases (Fig. ID),
3 Chowever, the optical depth of the K-shell emission

G0.4 becomes significant, and the line ratio begins to reflect the
temperature of the outside surface of the emitting region,
rather than an average over the region. This transition from

""G'0 .02 ±0.07 a thin to a thick asma, as indicated by the data of Fig.
1E, approximately coincides with the transition in the rate

Variation Expected from

L" Radial Convergenced of chans e of density with gap (Fig. ID) and with the
R=8.6 mrm KE =190 k transition at -2 mm.
R._12_ramKE.234 W The difference between the core and surface

100 temperature is indicative of a substantial temperature
SD. gradient within the emitting plasma. The enhanced plasma

,-~ density at small gaps increases the temperature and density
02 gradients and opacity effects, but in such a way as to
T 10 6 ID approximately maintain the average amount of mass

participating in the K-shell emission at - 11%, independent
• of gap. Comparisons of the measured K-shell emission
C radii with that simulated by the Eulerian-RMHC (E-

1. RMHC) [7] indicate that the actual mass averaged radius is
about double that extracted from the emission images [10].E. Free Bound aayi-E-. - -,ree Bo --d This gradient structure is illustrated by a detailed analysis
[11] of the x-ray image, spectral, and K-shell power data,

* for an aluminum-array shot taken on Z, having an
"Lines o interwire gap of 0.5 mm, a total mass of 4.1 mg, and an

• array radius of 20 mm. The density and temperature
E profiles obtained from a best fit of a aluminum-plasma

,, R=8 .6m,. collisional-radiative-equilibrium model to these measured
0.2 DO R=l2mm quantities is shown in Fig. 3. In the model, the radiative

0.3 1 transfer is carried out for all optically-thick K-shell lines
Gap (mm) and two K-shell continua temperatures.

Fig. 1 (A) Peak total Interpretation of Number Variation: In
radiated power and pulsewidth general, variations in peak total power track the inverse of
and KART model, (B) Radial the measured pulsewidths (Fig. 1A), as would be expected
convergence, (C) Total radiated if the total energy radiated during stagnation is slowly
energy normalized by calculated varying.: The greater rate of dependence with gap of the
kinetic energy assuming a 10:1 pulsewidth relative to the peak power, for gaps greater
convergence, (D) ion number than - 2 mm reflects the greater disorganization of the
density (K-shell region), and (E) implosion as seen by the lost double-pulse nature of the
electron temperature (K-shell stagnation (Fig. 2). The accelerated rate of decrease in
region) versus gap. power for large gaps relative to that for small gaps is
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1 A- Shot 2093 g=5.8 mm

2-3 keVShot 223 g=0.4 mm
0.5-

20 40 60 80 100 120 140 160 180 200 220
lime (ns)

Fig. 2 Normalized pulseshape in three energy channels for two gaps.

consistent with the decrease in total radiated energy (Figs. 1A, IC, and 4). This change in
energy is approximately consistent with the change in the calculated (dotted lines in Fig. IC)
kinetic energy, and by inference, the radiated energy using the measured radial compression
from the K-shell emission images (Fig. 1B). The trends in ion density (Fig. 1D) and electron
temperature (Fig. 1E) demonstrate that the increase in power is the result of systematically
greater plasma compression.

The apparent transition in implosion quality near 2 mm has been interpreted using a
RMHC in x-y geometry [1,6]. Calculations performed with this code show (in correspondence
with the experimental data) that a change in the implosion topology occurs with increasing wire
number. The implosion is seen to transition from one composed of non-merging, self-pinching
individual wire plasmas to one characterized by the early formation and subsequent implosion of
a quasi-plasma-shell. The shell had density and current variations distributed azimuthally that
were correlated with the initial wire location and which decreased in amplitude with decreasing
gap. The calculated transition region was sensitive to (1) the magnitude of the prepulse that
accompanies the main current pulse, (2) the current flowing per wire, (3) the wire size, (4) the
interwire gap, and (5) the resistivity model used. For the particular resistivity model used and
for the measured prepulse and wire sizes used, this transition was found to occur between wire
numbers 20 to 40 (or between interwire gaps of about 3 to 1 mm, respectively), for the small
radius load [1]. This calculated transition was also seen to be consistent with observations made
with 1.3-mm gap loads in the transition region. There, individual wires were observed to self-
pinch 20 ns prior to peak radiated power (where the array had only imploded a fraction of a
mm radially). Ten nanoseconds later, after the array had imploded an additional 1.5 mm, the
observed plasma emission became a continuous distribution, with no evidence of individual
wire structure.
1600 The x-y simulations [6] together with analytic

modeling [12] show that the wire-plasmas, in contrast
1400 Temperature (eV) to the plasma of a shell, accrue azimuthal velocity
1200w components during -the implosion owing to deviations18 3

1000 Density (10 ions/cm3 ) in the locations of the individual wires from those of a
perfect annulus or to the presence of the limited number

800 6 ,of current return posts surrounding the array [12].

600 These velocity components produce density
4oo ,asymmetries at stagnation that reduce both the
400., •compressibility of the stagnating plasma and the
200L%, resulting radiated energy, both in qualitative agreement

...... 1.......1 .... .0 with the discontinuity observed in the radial
0.0 0.5 1.0 1.5 2.0 2.5 3.0 convergence measurements (Fig. 1B) and energy

Radius (mm) channel (Fig. 1C). The x-y simulations show,
Fig. 3 Calculated ion density however, that these variations cannot account for theand electron temperature for change in measured pulse shape, for any wire number

aluminum Z shot. greater than 10. In contrast, E-RMHC [7] simulations
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300 200 in the r-z plane, which assume an azimuthally
100093 , 1lOO symmetric plasma shell with a random density

FWHM: G. , s distribution in the r-z direction, suggest that the shape
CS . of the primary power pulse and the general change in
E o peak power with gap are related to the evolution of the

thickness of the plasma sheath due to r-z motions and
RT:_G" 0 10 • the growth of Rayleigh-Taylor (RT) instabilities. This

SR =.6mthickness is calculated to scale linearly with the pulse
R R=8.6mm width. The measured risetime of the total radiation pulse

3= 2 and the "effective" pulsewidth (defined, as the total
.0.3 Gap (mm) energy divided by the peak power) scale as the gap,over the entire gap range explored, showing no

Fig. 4 Risetime and effective discontinuity near 2 mm (Fig. 4). This data, together
pulsewidth versus gap. with the simulations, thus suggest a direct relation

between the initial interwire gap and the resulting
thickness of the imploding sheath.

Recently, an analytic model (KART) of the implosion has been developed by Desjarlais
and Marder [13] that takes into account an amplification of the RT instability arising from a kink
instability, which deforms the individual wire plasmas. This deformation is in phase with that
generated by the RT instability, which is assumed to arise from a global sausage instability
acting on the entire array. The agreement of their estimated pulsewidth with that measured for
these experiments (dashed curves in Fig. IA), as well as with that measured for other tungsten
experiments on Saturn [14] and Z [5, 15], with only one perturbation parameter that scales with
the wire size, suggests that the wires retain enough of their individual identity for a sufficient
time to allow the kink amplification to participate. Doubling the number of tungsten wires on Z
from 120 to 240, for example, reduced the measured pulsewidth by (29±9)%, in agreement
with a calculated 25 % reduction.

Mass and Radius Variation: Two sets of additional Saturn aluminum-wire
experiments were conducted in the calculated high-wire-number quasi-plasma-shell regime
[10]. These experiments show two important trends. Firstly, when the mass of the 12-mm-
diameter arrays is reduced from above 1.9 to below 1.3 mg, a factor of two decrease in
pulsewidth (Fig. 5) occurs for all ten energy channels measured between 0 and 10 keV. The
associated peak power in the energy channels exhibits a two to twenty fold increase,
respectively. Secondly, when the radius is increased from 8.6 to 20 mm, for a mass of 0.6 mg,
the experiments show that the radiated pulsewidth (Fig. 6) in all channels increases from only
-4 to -7 ns. The associated peak powers in all channels remain relatively unchanged with
radius.

Interpretation of Mass and Radius Variation: The E-RMHC simulations were
used to understand the underlying pinch dynamics. Over the mass range of 0.42 to 3.4 mg and
radius range 8.6 to 20 mm measured, which spanned an implosion time of 40 to 90 ns, the

implosion time of the simulated pulse agrees with that
12 measured within a shot-to-shot variation of only 2 ns.

This agreement suggests that (100-+6)% of the initial
10 ,% mass is being accelerated during the implosion. For

R, these simulations, the electron-photon coupling was set
C >Xto either its nominal value (indicated by N) or a reduced

S6 KART value (indicated by R), such that the calculated peak
"total radiated power agreed with that measured at -0.6

S4 mg. Within the uncertainty of this emissivity
approximation, the measured pulsewidth (Figs. 5 and

2 6) and trends in total radiated peak power agree with
0i 1that simulated, using only a single value of a density

0 1600 2600 3000 perturbation seed [10]. KART calculations are also
Mass (I•g) shown in Figs. 5 and 6.

For all cases, the E-RMHC simulations show a
Fig. 5 Measured, modeled, and two-stage development of the instability with initial
simulated pulsewidth versus mass. bubble burst when a wavelength, of the order of the
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8 shell thickness, is reached, followed immediately by
current flow in the low-density material, between the

6N spikes. The plasma shell self heals and continues to
accelerate with only a small amount of bubble material

C Rbeing thrown ahead of the main body of plasma. The
2 4 instability growth continues, evolving to longer

wavelengths, until one of the order of the new shell
I. KART thickness is reached. When the shell bursts the second

2 time (at longer wavelengths), a significant amount of
material is accelerated to the axis, and the radiation

__ pulse begins. These simulations show that the decrease
a 10 12 14 16 1e 222 in pulsewidth and associated doubling of the peak total

Radius (mm) power, as mass is reduced, is due to the faster
implosion velocity of the plasma shell relative to the

Fig. 6 Measured, modeled, and growth of the shell thickness. The relative increase in
simulated pulsewidth versus radius. peak power for the higher-energy x-rays is due to an

increase in ion temperature, arising from an increase in
kinetic energy per incident ion at stagnation. The simulations also show that the increase in
pulsewidth with radius is due to the faster growth of the shell thickness relative to the increase
in shell velocity. These results suggest that the improved uniformity provided by the large
number of wires in the initial array reduces the disruptive effects of instabilities observed in
small-wire-number imploding loads.

The simulations generate total radiation pulse shapes in agreement with the primary pulse
measured, as illustrated in Fig. 7 for a 0.84-mg, 12-mm radius load. The simulations indicate
that the energy deposited in the plasma arises primarily from the Lorentz (JxB) force and goes
primarily into accelerating the plasma, increasing its kinetic energy. At early times when
instabilities have not become important and there has been little plasma heating, the simulated
energy deposited by the Lorentz force and the plasma radial kinetic energies are nearly equal. At
later times, the instability destroys the plasma shell, accelerating plasma to the axis where it
stagnates, and the kinetic energy diverges from the work generated by the Lorentz force. The
plasma that has not stagnated continues to be accelerated by the Lorentz force. Because the
radiation rate is higher than the rate at which energy is being supplied, the total kinetic-energy
decreases, even though some plasma continues to be accelerated. As the pressure rises, some of
the (JxB) energy is transferred to internal energy by pdV work, rather than as a kinetic-energy
increase. Due to the extended radial nature of the plasma as stagnation begins, the net result on

450- the energy flow is that part of the
400 E-RMHC:N JxB plasma on axis releases energy as

X0.9 Aradiation, while regions away from the
axis continue to absorb energy, which

350Radie may then be radiated later in the pulse.

'"300. 20 Shot The result is a total radiated energy that
00 2238 is higher than the instantaneous peak in

'250 the kinetic energy at the time stagnation
% 0 ...100 11 1 begins. The calculations show only a

h.200 small contribution from Joule heating.) /The variation with mass on Z
S 150 Kinticusing tungsten wires in the high-wire-

number regime shows similar trends
100 / Internal to those observed on Saturn for the

50 Joule aluminum wires [5, 15]. On Z, the
pulsewidth decreased by a factor of

0 two and the total radiated power
70 80 90 100 110 120 130 doubled when the mass decreased

Time (ns) from 6 to 4 mg, for loads having a 20-
mm radius. Moreover, these high-

Fig. 7 E-RMHC simulated energy partition. wire-number implosions, with
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interwire gap of 0.5 mm, produced high-quality implosions that had pulsewidths of only 7 ns
at peak power.

A New Model: The results show that good agreement with radiation pulse widths
derive from an initial perturbation that depends only on the interwire gap. Single-wire
observations and computations in carbon and aluminum [1.6, 17] suggest a mechanism [18] as
follows that may help to explain the dependence in contrast to KART. Uncorrelated wire-to-wire
sausage modes in individual wire plasmas grow until the plasmas of adjacent wires merge, after
which current flow in the plasma shell stops their growth. At the merging time, the thickness of
the annulus is then roughly the same as the initial gap. A key observation of the single-wire
studies is that the sausage perturbations are nonlinear and large-amplitude even at very early
times in their development, with a shape that is self-similar in the radial scale, that is, they
"look" about the same independent of radius. This structure is also observed in ongoing
tungsten linear-wire-array experiments on Naval Research Laboratory Gamble II generator that
simulate Z prepulse conditions. From the self-similar observation and analysis of the
perturbation spectrum, the fundamental (longest) wavelength in the perturbation is also about the
size of the interwire gap. Thus, in this model, the amplitude of the initial perturbation is fixed
while its wavelength scales with gap.

E-RMHC computations are required to determine if such initial conditions can reproduce
the observed dependence of radiation characteristics without an arbitrarily-chosen perturbation
amplitude for a given gap. However, the self-similar model does provide for RT saturation and
healing for sufficiently-short wavelength (small gap/large wire number). Also, existing E-
RMHC computations do show that tripling the scale of initial 10% and 15% initial perturbations
is equivalent to shorter-scale perturbations of 45% and 75%, demonstrating that perturbation
wavelength is a powerful determining factor for implosion quality and radiation pulse width.

CONCLUSION
Implosions that develop narrow pulsewidths with high peak powers can be generated

from both small- and large-radius annular wire arrays by keeping the interwire gap to spacings
on the order of 0.5 mm or less. Reducing the implosion time, while still providing good current
coupling to the load at stagnation, reduces the growth of the radial instabilities relative to the
implosion velocity and permits the highest powers to be developed. The RMHC simulations and
the Desjarlais-Marder model agree with aspects of the data and provide insight into the
underlying dynamics. A new self-similar model for the initial E-RMHC perturbation
dependence on gap provides additional insight and may improve that codes predictive capability
for future large-wire-number experiments on Z.
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Introduction.

The Rayleigh-Taylor instability is well known to be the main impediment to the efficient
implosion of gas puffs with a large initial radius. This has been demonstrated in a number of
experiments [1,2,3]. The R-T instability could be mitigated by the so-called snowplow
mechanism responsible for enhanced efficiency of multilayer gas puff z-pinch loads [4]. The
snowplow mechanism employs the stability of the shock wave driven into the load by
magnetic pressure. The snowplow stability mechanism is used both in multilayer gas puffs
and in structured loads such as large-diameter uniform fill loads [5] and z-pinch loads with
tailored density profiles. The use of structured loads implies 'hat when a pulsed voltage is
applied to a gas puff, a radially uniform current shell, a skin layer is formed on the periphery
of the gas puff. However, the assumption that a skin layer is formed contradicts to the
probabilistic nature of the gas breakdown that accompanies the formation of a conducting
medium in a gas puff. Experimental results show [6] that the conducting-to-nonconducting
state transition of the gas puff material is chaotic, nonstationary in character. Some techniques
for the production of a uniform current layer and the effect of the current layer uniformity on
the gas puff implosion are discussed in the paper. Using a uniform current shell, we have been
able to perform some experiments to study the stability of double gas puff with a long
implosion time.

Experimental arrangements.

Experiments were carried out on the GIT-4 inductive storage with 1.7-MA load
current and 120-ns current rise time. The GIT-4 upstream inductance Lup is equal to 245 nH;
the downstream inductance Ld is 60 nH. The nozzle assembly was located at the anode of the
downstream part of the facility. Three sparks were located at the distance of 10 mm from the
nozzle throat. Small capacitor bank (4 kV, 0.5 IXF) was used to provide spark preionization. A
small coil was located near the outer nozzle, and it produced magnetic field pulse in the outer
shell area. The copper plug was used to reduce the magnetic field in the inner shell area. The
design of the valve allowed us to change separately plenum pressures in the inner and outer
shell.

The gas puff implosion was monitored with various diagnostics. The radial and axial
dynamics of the implosion are measured with a streak camera as described in [3]. A two film
time-integrated pinhole camera was fielded. The filter was 2 g Kimfol plus 0.2 g. aluminium
(the transmission threshold 0.8 keV) or lO. Beryllium. Two films were placed inside the
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pinhole camera one after another. The first film absorbs photons with the energy below 3 keV,
so one can obtain the argon K-shell image on the second film.

The X-ray yields and powers are measured using filtered photoconducting detector
(PCD) and aluminium cathode x-ray diode (XRD).

Formation of a uniform current shell

For typical conditions in which plasma radiation sources (PRS) are operated, it is
desirable to provide a very quick transition (for some ten nanoseconds) from the
nonconducting state of the gas in the shell to a state in which the plasma produced should
ensure formation of a skin layer. To provide formation of a skin layer, the electron
temperature about 3-9 eV is sufficient.

At the first glance, when the generator power is some hundreds of gigawatts, it is not
difficult to realize the above increase in temperature and, hence, in conductivity for 10 ns.
This, however, is not the case. Fig. 1 presents oscillograms showing the current rise rate for an
Ar gas puff of diameter 80 mm and length 20 mm, obtained on the GIT-4 system for various
conditions: (a) the gas puff mass is 40 jIg/cm, and preionization is absent; (b) the gas puff
mass is 20 Itg/cm, and preionization is accomplished by UV irradiation 7.5÷8 gis before the
POS opening, and (c) the gas puff mass is 40 jig/cm, and preionization is accomplished by UV
irradiation 7.5÷8 gis before the POS opening.

5 - - - -5 -5-- --

of 0 ON 0' -

= -5 . k . -5 7-5

cu-10 i -- 10 u-10b

S-15 22 -15 -15

'-20 ' " -20 " -20 - -

-25 a -4*25-- -25 I
-30 0 -30 -30

-100 -50 0 50 100 150 -100 -50 0 50 100 150 -100 -50 0 50 100 150
Time, ns Time, ns Time, ns

(a) (b) (C)
Figure 1 B-dot signals for 80-mm diameter, 20-mm length Ar single gas puff: a) gas puff mass is 40 jig/cm:
without preionization; b) gas puff mass is 20 lig/cm; UV preionization; c) gas puff mass is 40 jig/cm; UV
preionization.

The corresponding plots for the gas puff resistance are given in Fig. 2. It can be seen that
100 with no preionization, the gas puff

0R2 resistance decreases very slowly even at
10 ... -a high particle density in the gas shell. It

Rg should be noted that in this case the
implosion process was highly unstable.

SR3 I When UV preionization is performed,

the current layer can be formed by one of

0.01 I two different mechanisms. If the particle
0 50 Time, ns 100 150 density in the gas shell is low (- up to

Figure 2 Single gas puff resistance versus time after POS 5.1016 cm"3 for Ar), the shell resistance,
opening. The curves RI, R2, R3 correspond to the cases (a), R2, and the accelerated electron flux
(b) and (c) Fig. 1. measured simultaneously are rather high
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for about several tens of nanoseconds. With the particle density greater than 1017 cm-3 for Ar,
we have not detected the high-resistance phase (curve R3 in Fig. 2).

The results obtained can be interpreted using an approach presented in [7]. According to
[7], the formation of a current layer in a strongly overvolted gap with no preionization is of a
streamer character. With that, a decrease in gas puff resistance is accompanied by an increase
in conductivity in a limited number of current channels. Though conductivity in each channel
is high enough to prevent formation of diffuse volume discharge, resistance in the anode-
cathode gap as a whole decreases slowly. The channel formation permits the magnetic field to
penetrate inside the gas shell. As a result, part of the total clirrent flows through the inner
layers of the structured plasma load and prevents uniform implosion.

Given UV preionization, the probability that the discharge will develop to its diffuse
stage increases. For low gas densities, it is quite probable that. running electrons will appear. It
is just the case that we observed experimentally. As the running electron flow appears, the
ionization rate decreases, and this results in that a high-voltage glow discharge with a
comparatively high resistance is initiated. For a structured load this means that as this high-
voltage glow discharge operates in the outer shell, current channels may appear in the inner,
denser, shell of the gas puff. It is quite clear that in this case any attempt to attain uniform
implosion fails.

For higher gas density and with UV preionization, one can expect that current channels
will appear in great numbers or a space discharge will be initiated, at least in regions directly
illuminated with UV radiation. The plasma conductivity is such that the average current
density in the outer shell reaches 103 A/cm2 as early as in 10- 15 ns. However, experiments [6]
have shown that in this case the current channels developing in the outer shell trap only some
part of the outer shell material. The subsequent situation is similar to that with a gas puff
imploding with no preionization: the current channels with partially trapped material go
toward the center, thus destroying the inner shell and leading again to unstable implosion.

Experiments with a 80/30 diameter ratio double gas puff

The set of the experiments with structured load was carried out on the GIT-4 generator.
The main goal of the experiments was to obtain stable quasi-one-dimensional long time
implosion of double gas puff. A nozzle assembly with the outer nozzle diameter of 80 mm
and the inner nozzle diameter of 30 mm was used. Both outer and inner nozzles had 500 gim
throat. In some cases this dimension was even somewhat larger owing to the fact that when
nozzles subjected to little mechanical processing were repeatedly used; the throat size
increased by 25 ptm on each treatment.

To provide an azimuthally uniform outer shell, it has been proposed to use for structured
loads UV preionization combined with a discharge initiated in crossed ExB fields. The
experiment arrangement is shown in Fig. 3. The similar preionlzation system was used in the
double gas puff experiments with an outer nozzle diameter of 60 mm described in [8]. The
sparks providing UV irradiation of the outer shell were triggered 7.5+8 pts prior the POS
opening. Timing for the magnetic field was chosen so that the radial magnetic field B, to be at
maximum at the instant a discharge was initiated in the gas shell. Electric field across the
anode-cathode gap was provided by the POS plasma gun operation; the POS plasma guns
were fired 4.8-5 pts before the POS opening. Argon was used as a gas puff material.
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Figure 3 Experimental arrangements.

At the first stage, the experiments with a low magnetic field were carried out. The radial
magnetic field Br was 0.4 kGs at the outer shell area. The outer shell plenum pressure was
2 atm (Shot #434, #436-439) and 2.5 atm (Shot #445-447); the inner shell plenum pressure
was 2.5 atm in all shots. A criterion for the implosion of a structured load to be quasi-one-
dimensional should be a small scatter in implosion time from shot to shot. However, in the
experiments with a low magnetic field, standard deviation accounts for 6.4% and 9.3% of the
mean implosion time correspondently for 2 atm and 2.5 atm plenum pressure in the outer shell
(see Fig.4). This scatter in the implosion time can be related to a week effect of the magnetic
field on the conditions of the discharge initiation. Several attempts have also been made to
arrange the plasma to be localized in the outer shell with the use of a hollow cathode, pointed
cathode, etc. All these attempts to produce a "stable" pinch have failed.
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Figure 4 Implosion time for the shot with UV preionization and discharged initiated in crossed ExB field.
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The situation changed, when the radial magnetic field had been increased up to
2.5+3 kGs (Shot #457-459, 461). In this case, the presence of the increased magnetic field

ensures the formation of a current layer rather uniform in
' azimuth, which can well be seen in the discharge autograph

in Fig.5. The discharge uniformity is related to the
azimuthal drift of electrons which extends substantially the
dimensions of the region containing the gas ionized by UV
irradiation. Standard deviation for the implosion time
decreased up to 1.8%. In the pinhole images, the pinch
shows up as a dense uniform "core" with a diameter of
1.5 mm surrounded by a low density unstable halo with a

0 diameter of 4 mm. Similar pictures were obtained in our
previous experiments descril qd in [8].

Figure 5 Discharge autograph on
the cathode mesh.

Conclusion.
The experiments show that preionization system, which combines spark preionization

(UV irradiation) and discharge in crossed ExB fields, provides uniform preionization of the
outer shell of double gas puff. This, in, turn, make it possible to achieve stable long time
implosion using structured load. X-ray pinhole pictures obtained in the experiments with
double gas puff with the outer shell diameter of 60 and 80 mm show that at the final stage of
implosion pinch consists of a stable "core" surrounded by a low density unstable halo.
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INTRODUCTION

The fast pulsed capillary discharge has been shown to be an efficient source of radiation
in the XUV range[l]. Operation at very low pressure or near vacuum results in a high
temperature plasma and thus, high energy radiation with high brightness. As discharge
formation at low pressure is often initiated through a sliding spark discharge along the wall, a
significant amount of wall material is ablated and introduced into the capillary from the
beginning of the discharge. If the capillary is operated at near vacuum, starting of the
discharge requires a high voltage for initial breakdown formation, which is in conflict with the
low inductance required for a short radiation pulse. In general, a wall initiated capillary
discharge favors the formation of a relatively high density, low temperature plasma, whose
emission spectrum is dominated by wall material species. If the aim is to operate the pulsed
capillary discharge as a VUV or soft X-ray radiation source, it becomes necessary to enhance
initial discharge formation on the capillary axis, as to avoid the formation of a cold plasma
associated with a wall initiated discharge. On-axis discharge initiation in cylindrical geometry
is a known property of transient hollow cathode discharges (THCD)[2]. In this configuration,
on-axis initiation is assisted by the formation of a high energy electron beam, originating in a
plasma region behind an aperture in the cathode[3]. This is due to the "Transient Hollow
Cathode Effect". In this work we present experimental observations of the XUV and electron
beam emission properties of an ultrafast pulsed capillary discharge, which combines the
features of a THCD with the inherent characteristics of the capillary discharge

EXPERIMENTAL DEVICE

The capillary is an alumina tube of 0.8 mm internal diameter, located on axis between the
two electrodes. Capillaries of 10 to 30 mm length have been used in these experiments. The
overall inductance of the discharge has been minimized by having the return circuit
immediately outside the capillary tube wall, thus forming a shielded tube geometry. Details of
the design will be published elsewhere. [4] In practice, a DC charged primary capacitor of 6 to
8 nF is used to pulse charge the storage capacitor through a self breakdown spark-gap, further
reducing the stress on the dielectric of the energy storage capacitor. Long (250 to 500 ns
transit time) coaxial cables of various impedances are used to connect the primary and the
secondary circuits. An auxiliary discharge from a small cable gun is applied inside the hollow
cathode region to enhance plasma formation. The cable gun is energized by a portion of the
voltage appearing across the electrodes but taken through a length of 50 Q cable to produce a
delay of 80 to 250 ns, depending on the cable length, as to synchronize the electric breakdown
with other external events.

A range of diagnostics have been developed to measure the electrical properties and the
emission characteristics of the capillary discharge in the present experiment. To measure the
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current local to the discharge in such a compact system, an inductive cavity current monitor
has been integrated into the ground side of the electrode, functioning as a single turn
Rogowskii coil. A simple resistive divider is used to measure the voltage across the exterior
of the electrodes. A non-filtered wire probe is used as a charge collector and a radiation
detector in the VUV to XUV region. When biased negative at 100-150V, the probe acts as a
photocathode of an XRD while detecting fast electrons and collect ions. A Faraday cup
located behind the anode is used to measure the current of electron beams. Spectral
information is registered with a compact 1 m grazing incidence VUV spectrograph,
GISVUV1-S with a large format gated microchannel plate camera to provide 3 channels of
time resolved spectra with ns resolution. The time evolution of the emission source
dimension is measured with a 4 channels Slit-Wire camera [5], again using the gated
microchannel plate camera to provide ns time resolution. The discharge has been operated in
Argon, at pressures between 50 to 700 mTorr inside the region behind the cathode.

EXPERIMENTAL RESULTS

Figure 1 shows characteristic electric signals. The
plasma gun fires 120 ns after voltage is applied to the 130 mTorr

local storage capacitor. As soon as the plasma gun is --..-.-- voltageS............... current y.

fired, electron beams are detected by the XRD. This is. -. cRrent

indicated by the negative excursion in the XRD signal. VRD plasma'gun

The electron beam activity is maintained for -30 ns, with
an enhanced pulse just before breakdown across the
capillary. At breakdown a fast rising current pulse is 'A
observed, with associated XUV emission, shown by the ,

positive signal in the XRD detector. Typical electron r
beam current is in the range of tens of miliamps, as time (50 ns/div)
measured with a Faraday cup positioned 10 cm behind the
anode. Previous studies on transient hollow cathode Figure 1: characteristic signals.

discharge[2] have shown that this high energy electron
beam evolves into a high current but lower energy beam 10
at the time of breakdown. This beam component 0-
contributes to the first rise of the signal on the current >
trace shown in Fig. 1, at the start of the collapse of the -10

voltage. Both, current and XUV radiation pulses depend -201
on the operating pressure. Figure 2 shows voltage,
current and electron beam signals at 500 mTorr. The 0.5
arrow indicates the onset of the electron beams. A less
than 10 ns FWHM initial current pulse is observed, with - 0.0

characteristic dI/dt - 0.5.1011 A's-1. The XUV pulse is
seen to follow the current pulse. The rate of current rise
depends on the characteristics of the associated electric
circuit. When a low impedance pulse charger is used, a ,
faster characteristic dlldt - 2.5"1012 A-sl has been X

achieved. At pressures below 100 mTorr the electron time (10 ns/div)

beam has low effect on discharge initiation and a typical Figure 2: characteristic signals at 500

delay of 40 ns is observed between the onset of the mTorr
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Figure 3: left, single shot 4-frame slit-wire image of the capillary discharge; right, associated signals. Numbers 1
to 4 indicate the timing of the exposures on the right. The figures in prm correspond to the measured

characteristic size of the XUV emitting region. Pressure: 100 mTorr inside hollow cathode.

electron beam and the initiation of the discharge. The radiation pulse is very week and no
characteristic peak is observed. As the pressure is increased, the time delay between the onset
of the electron beam and the initiation of the discharge reduces and the intensity of the
radiation pulse increases. Meanwhile the absolute intensity of the first radiation pulse
increases with pressure, the FWHM remains constant at 5 ns, as determined by the current
pulse, thus resulting in net increase in the rate of rise of the radiation pulse. If the pressure is
increased further, a point is reached when the electron beam has little effect on the initiation
of the discharge. This pressure dependence of the efficiency of the electron beam in assisting
discharge initiation is a characteristic feature of the hollow cathode effect

The dimension and localization of the emitting source was studied in the XUV region

with the slit-wire camera, using a microchannel plate intensifier to provide ns time resolution.

Using foil filters, 3 channels were set up to look at the total UV-soft X-ray radiation, the

radiation longer than 20 nm and the radiation shorter than 10 nm. An example of four

consecutive 3 ns exposures obtained in a single discharge is shown in Fig.4 for an operating

pressure of 100 mTorr Ar in the cathode region. The images are obtained in a time interval

across the emission pulse, as indicated in the associated signals. Each frame shows a I -D
image of a slit back-lit by the total XUV radiation from the capillary discharge, at 1 m
distance from the source. The regions where the exposure falls off along the slit image is the

result of a set of wire blocks, ranging from 0.6 mm to 25 jim. Analysis of the shadows of

these blocks provides an accurate measure of the dimension of the emitting source[5]. The

first frame corresponds to VUV emission detected before electric breakdown inside the

capillary. At this time no plasma emission is expected from the capillary, and the resulting

image is probably due to beam target emission resulting from electron beam hitting of the

inner capillary wall. From the second frame onwards, the characteristic diameter of the

emitting source is seen to evolve from an initial diameter of 340 jim, just before peak current,

which then contracts to 300 jim at current peak and expands to 670 jim at current fall. A

similar behavior is observed over the pressure range investigated.
The time evolution of the XUV emission spectrum associated with the fast radiation

pulse has been preliminary investigated. For conditions similar to those reported here,
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spectral emission in the 4-40 nm region, with line emission up to ArVIII, has been recorded.
The main features of the spectral emission are seen to evolve in a nanosecond time scale[6].

DISCUSSION

For a controllable operation of a capillary discharge, some means of volume discharge
initiation is necessary. Furthermore, a rapid initial rate of current rise is essential if the
problem with wall ablation inherent to traditional capillary discharges is to be diminished.
The intrinsic production of an on axis electron beam defined by the action of the HCR and the
main discharge region during ionization growth avoids in principle the formation of a wall
initiated discharge. Furthermore, the existence of an on-axis electron beam channel provides
the initial path for conduction current away from the wall. The data presented in Fig. 1 shows
that following the application of the plasma gun discharge, an electron beam is extracted from
the hollow cathode region. In traditional THCD the propagation of the electron beam across
the inter-electrode space favors on-axis ionization. This behavior can also be observed in
these experiments. Following the emission of the first electron beam pulse, a second period
of the electron beam activity is observed, as shown in Fig. 1. During this time local
conditions for ionization growth are created inside the capillary, under the assistance of the
electron beams. The time resolved slit-wire measurements shown in Fig. 2 are a good
indication that the discharge inside the capillary develops initially in a region around the axis.
At current rise the characteristic diameter of the XUV emitting region is seen to contract,
which can be attributed to on-axis pinching of the current carrying plasma. On-axis pinching
requires a rate of current rise faster than the characteristic time scale for ohmic heating.
Under these conditions, a hot radiating plasma is produced during current rise, which is
detached from the capillary wall. At current fall, the hot capillary plasma can not longer be
confined on axis and expands reaching the inner capillary wall. Wall ablation by the initially
hot capillary plasma results in fast cooling due to radial heat transport.

CONCLUSIONS

A fast capillary discharge with on-axis initial ionization due to hollow cathode emitted
electron beams has been demonstrated. The initial rate of current rise is fast enough to induce
on-axis pinching of the discharge. Under this conditions a fast XUV radiation pulse, with
nanosecond time scale is produce. Further measurements are being performed, in order
characterize in detail the time evolution and spectral content of the XUV emission.
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IMPLODING PLASMA INVESTIGATIONS IN THE FRAME OF THE

"LINER - CONVERTOR" SCHEME.

Yu.L. Bakshaev, A.V. Bartov, P.I. Blinov, A.S. Chernenko, S.A. Dan'ko,
Yu.G. Kalinin, A.S. Kingsep, V.D. Korolev, V.I. Kosarev,* A.I. Lobanov,*

V.I. Mizhiritskii, L.I. Rudakov, A.Yu. Shashkov.

Russian Research Center "Kurchatov Institute", 123182 Moscow, Russia

*) Moscow Institute of Physics and Technology, Dolgoprudnyi, Moscow Region, Russia

The report presented is a part of the programm aimed to creation the powerful X-ray

pulse source with the quanta energy in the range of dozen KeV, using the "liner-convertor"

scheme. The key point of this scheme is the function separation of the energy carier and

radiator between plasma region with different parameters. The electrons of the weak radiative

(hydrogenic) plasma heated due to the magnetic implosion transport their energy onto the

highly radiative convertor (placed on the edge of pinch) via the longitudinal electron heat

conductivity. Theory and computer simulation [1,2] predict this scheme has to be more

energetically efficient as compared to the direct conversion of the magnetic energy into the X-

ray pulse. However, contradictory requirements to the plasma parametrs necessary for the heat
conductivity scheme was implemented, prevent its realization. In fact, at the first stage, energy

of the imploding plasma is concentrated in the kinetic energy of the shell. In the next phase, as

a result of implosion, it becomes transformed into the ion heat, and then, electrons become to

be heated through the Coulomb collisions and adiabatic compression. Estimations show that
in low Z plasmas (H2, He) the process of the heat transfer from ions to electrons is the most
slow stage limiting the efficiency of the whole scheme.

Electron heating may be enhanced by choosing higher Z values, it results, however, in
decreasing the heat conductivity. As a consequence, the heat flux cannot provide the transport

of proper energy amount during the time of Z--pinch being compressed. Besides, Z-pinches or

liners produced of the high Z plasmas form very thin current-carrying shell during implosion,

which is very unstable [3,4]. The losses due to the soft radiation increase, too.

These contradictions may be overcome by creating Z-pinches with some complicated

structures. To wit, one have to separate in space regions of the efficient electron--ion energetic

exchange and regions with high electron heat conductivity. One way to do that is the
following. Z-pinch can consist of two co-axial cylinders. Inner cylinder has to consist of the

substance with "intermediate" Z (e.g., Ar) while the outer has to be produced of low-Z gases

(H2, He). While implosion, the electron-ion energy exchange will occur in the Ar plasma, with

the subsequent transport of the electron heat along the outer shell which electron heat

conductivity is much greater. Such a Z-pinch construction have to be more stable due to the

absence of the Hall- and the reduction of the Rayleigh-Taylor instabilities conditioned by the
low Z values and the large thickness of plasma shell, respectively.
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Taking these considerations into account, last time we paied an especial attention to

the magnetic compression of the thick He jet in our study of stability of liner implosion. These

experiments were performed on "S-300" installation [5] with the current through the liner

load up to 3.5 MA. As a liner, we used cylindrical He jet with outer diameter -4 cm produced
by using a pulse-driven valve and an annular supersonic nozzle. In combination with
apparatus registering parameters of power pulse we used the following diagnostics: i) pho-
tographs in visible light region, both with streak and with frame image converter cameras; ii)
photographs in the region of soft X-ray radiation with frame image converter cameras; iii) re-
gistration of the radiation pulses by a set of vacuum and semiconductor X-ray diodes shielded
with various filters, and iv) convex-mica crystal X-ray spectrograph with the two-dimensional

spatial resolution [6]. Some examples of streak and frame camera pictures of its compression
are presented in Fig. l a and I b, respectively. It is important to pay attention to both
symmetric form and good reproducibility of the picture presenting the dynamic of the He
liner implosion, which can serve as an evidence of its stability. The same fact is illustrated by
R-t diagrams of 5 repeated experiments performed in the identical conditions (Fig. 2). In these

experiments the maximal schell velocity of 51 07 cm/s was achieved.

a R "2*

Fig.2. R-t diagrams of 5 repeated
He liner experiments.

'40

Fig.1. Optical streak (a) and frame (b) Fig.3. Streak camera pictures of He
camera pictues of He liner compression. liner with fibers compression.

Another way of heterogeneous pinch construction is based on the production of
"intermediate" Z plasmas by means of evaporation of thin filaments of proper chemical
composition. These filament have to be stretched parallel to the axis and form a cylindrical
surface of the radius several times less than the initial radius of the gaseous column.
Evaporation would be brought about by the front of the heat wave which, in turn, would be
generated in the light gas by the shock wave resulting from the magnetic piston. Some
preliminary estimates show that taking the filaments as thin as 1-3 g one obtains the plasma
expansion about 1+2 mm during the time -10 ns. Thus, placing the filaments in an array dense
enough one can produce a continuous plasma cylinder with the necessary Zeff.
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It is important to note that such a manner of plasma formation is free from instabilities

accompanying the current flow, as well as the possible gases mixing during the heterogeneous

gaseous structure creation.

First experiments on modelling of processes in heterogeneous pinches have been also

brought about. Plasma, with moderately high Z value, was produced by evaporation of thin

glass fibers when coming to them the temperature wave from the He plasma by compression

the liner. Initially these fibers were disposed along the circumference near the liner axis.

Streak camera picture of compressing of the He liner with fibers is given on the Fig. 3. The

effect of adding the impurities with high Z value on the heating of electrons and on the heat

conductivity was determined by registration of spectral lines of the [He]-like chlorine ions

placed at the cathode end of liner gap. Fig. 4 is one of typical spectrograms. The X-ray spectra
Ci [Hel 4.45A

I order II order III order
Si ,H1 6.18A

I order II order

Ca He1 3.18A
il order

Si rMel 6.69A

I order node II order

c o e
Fig.4. X-ray spectrum of He liner with fibers and NaCl converter.

reveal a series of lines of [H]- and [He]-like ions of the elements being components of the
glass (Al, Si, Ca, and others) with the excitation energies up to 4 kV. One can see here the
resonant line of the [He]-like chlorine looking like the 3 millimeter-sized bright spot on the
cathode. In the absence of fibers the intensity of this line is less several times, that is an

evidence of increasing the neat conductivity in the presence of impurities.

The realization of the "liner-convertor" scheme can be complicated by the heat

conductivity decrease resulting from the penetration of the current-driven magnetic field into
the plasma due to the development of instabilities. Numerical modelling of these phenomena

was one of the basic problems of 2.5-D code aimed to our program. Our simulations were

based on the single-fluid, 2-temperature MHD plasma model including the radiation transport.
Its detailed description, as well as description of numerical methods were presented in [7].

In particular, compression of a solid D2 pinch was simulated, with a mass m = 50 big,
initial radius R, = 2 cm, length 1 = 2 cm. The maximal current value was I, = 3 MA, and

pulse duration z= 100 ns. The initial boundary profile was taken, e.g., as follows:

R =Ro + 2.5x10-2 Rocos (47rz/l)

The most important result of these simulations was the following one: despite the
development of instabilities on the pinch surface, magnetic field was "locked" in the skin

layer, without a penetration into the plasma depth (see Fig. 5).
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Fig. 5. Results of simulations: a) electron temperature, b) magnetic field profile.

CONCLUSION. Thus, our experimantal investigations and computer simulations

confirm that the scheme "heterogeneous Z-pinch - converter" seems to be promising in

respect of the powerfull X-ray sources creation.
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Spectroscopic Investigations of the Magnetic Field Evolution and
Plasma Flow in a Microsecond POS

R. Arad, K. Tsigutkin, Yu.V. Ralchenko, A. Fruchtman, N. Chakrabarti,
and Y. Maron

Weizmann Institute of Science, Rehovot, Israel

for understanding and improving the opening of
ABSTRACT the switch and its coupling to various loads.

Spatially resolved measurements in a planar
microsecond POS, using spectroscopy of dopants, EXPERIMENTAL SETUP
in the plasma, are presented. The magnetic field We are studying a planar geometry POS
evolution, determined from Zeeman splitting,, is whose electrodes are 14 cm wide and 2.6 cm
mapped in 2D and found to propagate axially at apart. A region 9 cm in length is prefilled with
an average velocity of 3.3x10 7 cm/s. The axial plasma using two flashboard plasma sources
velocities of various ions are determined and placed 3 cm above the anode. In the POS region,
found to be less than the propagation velocity of the electrodes are highly transparent and consist
the magnetic field. The electron density of 0.1-cm-diameter wires separated by 1.4 cm.
determined from the temporal behavior of various The upstream and downstream currents are
spectral lines is found to drop after the magnetic measured by self-integrating Rogowski coils.
field reaches 60% of its peak value.

lIsma source seeded material fiber
INTRODUCTION plasma bundle

In the last decade the ability of Plasma anode lens miror

Opening Switches (POS) [1,2], with conduction Tut f 1' 1 1 c
times of the order of 1 gts, to generate MA current Currenorst miner

pulses with rise time of 80-100 ns was ,-nozve
demonstrated. Furthermore, microsecond POS's X v

were found to have a promising future as opening or
switches in inductive energy storage systems. Z Spectrometer .

Still, there are open questions on the mechanisms y ter
responsible for the observed electron density drop Figure 1: The inter-electrode region is prefilled
[3] which is believed to cause the opening of the with plasma generated using a flashboard source
switch. Also, significant losses in coupling the and injected through the highly transparent
POS to various loads were found [4]. anode. A fast gas valve, a nozzle, and a skimmer

The interaction- between the plasma and the are used to inject a molecular beam for locally
magnetic field, generated by the current, may doping the plasma with various species. Light
manifest itself in- a variety of ways. A f few emitted from the doped column is studied

competing processes can lead to either fast spectroscopically.

magnetic field penetration into the plasma with The two flashboards are driven by a single
relatively low ion velocities, or on the other hand, 2.8 gtF capacitor and each consists of eight chains
if the field does not penetrate into the plasma of 8 copper pieces separated by 0.05 cm gaps on a
bulk, it is expected to accelerate the plasma at the G-10 insulator. The flashboard is operated =1.2
boundary between the plasma and magnetic field gts before the high-current pulse of the POS is
to velocities of the order of the Alfven velocity. applied, which allows the flashboard plasma to
These two extreme cases are expected to result in propagate and fill the anode-cathode gap.
different opening mechanisms of the POS and, The following coordinates are defined: X=0
thus, understanding this 'interaction is essential is the cathode surface, Y=0 is the center of the
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electrodes, and Z=0 is the generator side edge of density of hydrogen, CII, CIII, CIV, and CV ions
the opening in the anode. 1 cm from the cathode was found to be 2x1013,

The spectroscopic diagnostic system [5] 4x10' 2, 4x1012 , 2x1013, 2x1012 cm3 , respectively.
consists of a 1-meter spectrometer for the range The density of other impurities such as oxygen,
2000-7500 A, equipped with a 2400 grooves/mm iron, and nickel was found to be negligible. Near
grating. Light is imaged onto the spectrometer the anode the density of these ions were found to
using a lens and mirrors along one of three be approximately three times higher. Using the
possible lines of sight. A cylindrical lens images absolute density of the various ions we were able
the light at the output of the spectrometer onto a to determine the proton density from the
rectangular fiber-bundle array, that transmits the requirement of charge neutrality, and it is found
light to a set of photomultiplier-tubes. The output to be (3.5±0.7)x 1014 cm 3 in the entire A-K gap.
from the 12 photomultipliers is recorded by a Knowledge of the plasma composition is highly
multi-channel digitizer, which gives the time important for understanding the evolution of the
dependent spectral line profile in a single electron density that is discussed below.
discharge. Using our doping technique we determined

In order to obtain spectroscopic the magnetic field spatial and temporal
measurements that are spatially resolved in 3D, distribution from the Zeeman splitting of the Hel
we are locally doping the plasma with various 3d(QD)-2p(IP°) line-emission. To this end, we
species whose emission is studied [6]. For doping observed the 6678-A spectral line along the
gaseous materials a fast gas valve, a nozzle and a direction of the magnetic field (along the "Y"
skimmer are used to inject a gas beam with direction, see Figure 1), thus only observing the
FWHM =1-2 cm and a gas density of 1-2x 10i 4  line a components. The line width of the Hel line
cm3. The gas doping arrangement is mounted without the Zeeman splitting is dominated by the
below the cathode. Alternatively, for doping solid instrumental broadening since the Doppler
materials such as lithium and boron, we generate broadening remains small throughout the pulse.
a discharge on an epoxy resin containing the The observed helium line profiles are fitted by
desired material 2 cm below the cathode. two Gaussians (one for each of the a

components). The splitting can be resolved for
RESULTS magnetic fields exceeding 0.5 T though

In these measurements a current of 160 kA measurements of weaker magnetic fields are also
is conducted by the plasma during 400 ns before possible.
opening occurs and the current is diverted to a Measurements were carried out at different
short-circuit load within 90 ns. Initially the positions in the X-Z plane. At each position, the
plasma parameters prior to the POS operation magnetic field was determined as a function of
were determined. The electron density was time. For different times, a map was constructed
determined from Stark broadening of hydrogen of B(x,z,t) which includes the measured points
lines and found to vary from 3x1014 cm 3 near the and contours of constant magnetic field. Figure 2

cathode to 7x1014 cnf3 near the anode at the time shows the magnetic field maps at t=100, 150,

the POS current is applied. The electron 230, and 300 ns. At t=150 ns the magnetic field is

temperature was determined both from the seen to penetrate a little faster near the cathode,

ionization time of various doped species and from while at other times this phenomenon is not seen.

the absolute light intensities of these doped The width of the current-carrying channel is seen

materials. Here we used the absolute gas density to increase as a function of time from 2-3 cm at

measured using a special array of ionization t=100 ns to the entire plasma length (AZ=10 cm)
probes [6]. Both these methods rely on at t=230 ns. Here, the electron skin depth, ion
collisional-radiative (CR) modeling [7] for all the skin depth and the classical diffusion length are
species studied, and showed an electron 0.02, 1.2, and 0.2 cm, respectively, and all are

smaller than the observed current channel width.
temperature of 6+2 eV. The plasma composition As an example of the broadening of the current

was determined from the absolute light intensities channel, the position at which B=0.2 T
of the different ions and CR modeling. The propagates axially at a velocity of (5.0±0.5)x 107
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cm/s while the value of B=0.6 T propagates at a density. To measure the axial proton velocity
velocity of (3.3±0.3)xi0 7 cm/s. At t>230 ns a spectroscopically we used the resonant charge-
region devoid of current forms at the generator exchange between accelerated protons and
side edge of the plasma. It is found that at this hydrogen atoms and observed the H"' line along
time in this region the electron density dropped to the z-axis. Since the rate for charge-exchange
4±2x10 13 cm 3 . depends weakly on the proton velocity, the tail of

the Ha line reflects the velocity distribution of the
21" Anode Measu..d B[T3 063 Anode protons. The Ha line showed a continuos

0.0 0 distribution of proton velocities with a peak
15 ).4 -2 1.5probability at 1.5±+2×10 7  cm/s and some

10 0603 'I 0 contribution up to a velocity of 3.5x10 7 cm/s. No
05 0.5 03 negative velocities (towards the generator) were

000 0.41 03 03 observed.
.01 . . . 0.o- r ----,---d
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Figure 2: Four two-dimensional maps of the 0 100 200 300 400 500

magnetic field at different times during the POS Time [ns]
operation. The numbers in rectangles represent
the actual measurements and the smaller numbers Figure 3: Spatially resolved measurements of the
represent contours of equal magnetic field. The Hell axial velocities near the cathode at five
anode and cathode are at X=2.6 and X=0, different axial positions obtained from the
respectively. The spatial resolution is ±0.5 cm in Doppler shift of the'n=4 to n=3 line. The times
the Z direction and ±0.05 cm in the X direction, shown are relative to the beginning of the POS
The error of the magnetic field is ±0.15 T for current pulse. The error bar shown indicates the
B<0.4 T and ±0.07 for B>0.5T. typical uncertainty. The spatial resolution along

The local axial ion velocities during the the line of sight is =1 .5 cm.
POS high-current pulse were determined from We also studied the scaling of the ion
Doppler shifts of lines of various species injected velocities with the charge-to-mass ratio of the
into the plasma. In this way the axial velocities of ions. The ions that are heavier than protons, such
BII, BIII, LilI, Hell, and ArlIl were determined, as Hell, BI, BIII and LilI, showed velocities
Figure 3 shows the time-dependent axial velocity between 4-12x10 6 cm/s with scaling that is
of Hell at five axial positions. The traces are consistent with linear scaling (within the limits of
shown only for the periods during which the line the accuracy of the measurement). The much
intensity is high enough to yield a satisfactory heavier ArII ions showed negligible velocities at
accuracy. The velocities are seen to rise in time all times. These observed velocities together with
due to the acceleration under the gradient of the spatially integrated velocities of carbon ions show
magnetic field. The velocities at larger-z locations that these heavier ions exhibit small (<1.5 cm)
rise to higher values since the velocity-rise at axial motion during the POS operation. However,
these locations occurs at later times when the the velocities of these heavier ions towards the
POS current is higher generating stronger electrodes were found to be approximately equal
magnetic fields. to the axial velocities of these ions, implying that

Knowledge of the velocity of protons, that the ion motion in the x-direction affects the
dominate the plasma composition, is essential for evolution of the plasma density.
understanding the variations of the electron
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The evolution of the electron density and X=2.2 cm. This indicates that the drop in ne
temperature was studied during the POS propagates from the middle of the anode-cathode
operation by comparing the measured absolute gap towards both electrodes at a velocity of
line intensities to CR calculations. To this end, 4±2x i07 cm/s. Since protons make up most of the
we measured the BII 2066 A line (2p-2s), which plasma, the timing of the drop of the electron
is sensitive mainly to the electron density density and the low axial velocities of the protons
together, with the BIII 2077 A line (4f-3d), that is indicate that protons flow towards both
sensitive both to the electron temperature and electrodes. The drop in ne also propagates axially
density. (along the z-direction) at a velocity of

(3.3±0.3)x 107 cm/s, as is found from the temporal
B1112p(6eV) a0 b) evolution of light intensities at different z-

26eV) 30 positions. This velocity is equal to the

- 20 propagation velocity of the magnetic field and at
10 all positions the start of the drop coincides with a

E ) magnetic field amplitude of 0.6±0.1 T.
2 2 , The presence of the magnetic field in the

Bil I1 I(30ev) =. I plasma prior to the electron density drop is
D 200 20 300 35 ° 35o 350 crucial for understanding the mechanism of ion

Time [ns] Time (ns] acceleration. It seems that as the magnetic field
penetrates into the plasma in a form that

Figure 4(a) The time behavior of the upper level resembles a one-dimensional piston (see figure
populations of the Bill 2p and 4f levels as a 2), the protons are accelerated to axial velocities
function of time at X=1.0 cm and Z=3.7 cm. The which are lower than the propagation velocity of
solid curves show the experimental data and the the field. This is followed by acceleration towards
dashed curves represent the output of the CR the electrodes and a density drop that begins in
modeling for the time behavior of n, and T, given about the middle of the anode-cathode gap. We
in (b) and (c). Boron is injected into the POSregin uinga smll inge ga flshbard are trying to understand the ion dynamics that isreg io n u sin g a sm all sin g le g ap flash b o ardre p n i l f o th ob rv d r p of i , Wpositioned beneath the cathode. responsible for the observed drop of n6. We

Thesitiold linesth ine figurde. 4examine various mechanisms for ion acceleration
The solid lthes in figure 4(a) show thime in the axial direction and/or towards theb eh av io r o f these tw o lines in the m idd le o f th e e e t o e .A s ,t e r l t o e w e h e s telectrodes. Also, the relation between the density

plasma. The light intensity of both lines was drop and the opening of the switch is currently
found to decrease after t=250 ns. This drop could
not occur due to a drop in the BIll density arising being studied. Future research will also
from either ionization of 13111 or flow of these concentrate on the proton flow downstream

fromeiter iniztio of illor low f tese towards the load in an attempt to understand its
ions indicating that the electron density must drop effect on the coupling to various loads.

at this time since the 2p level population is not

sensitive to variations in Te. We modeled the
variation of both these lines with our CR code REFERENCES
(dashed curve in figure 4a). The time behavior of [1] D.D. Hinshelwood, et.al., Appl. Phys. Lett. 49 (24),
ne and Te found to best fit the experimental data 1635 (1986).
are shown in figure 4(b) and (c). The rise and [2] V.M. Bystriskii, et.al., IEEE trans. Plasma Sci. 19
drop of T, is consistent with that determined from (4), 607 (1991).
the increase of the light intensities of Hed, Hefr, [3] D. Hinshelwood, et.al., Phys. Rev. Lett 68 (24),
the increase of .The elghtroin ensities of she wn He3567 (1992).
CIII, CIV, and CV. The electron density is shown [4] B.V. Weber, et.al., Proc. 101h Int. Conf High Power
to drop to a value <5x×0• 3 cm 3 . Beams, (Prague 96), p12 1.

Similar results were also obtained near the [5] R. Arad, et.al., Rev. Sci. Instr. 63 (10), 5127
anode and cathode but with slightly different (1992).
timing. The drop of the electron density and [6] R. Arad, L. Ding, and Y. Maron, Rev. Sci. Instr.
temperature was found to be 20±10 ns later at 69(3), 1529 (1998).
X=0.4 cm than at X=1.0 cm and 40±15 ns later at [7] M.E. Foord, Y. Maron, and E. Sarid, J. Appl. Phys.

68 (10), 5016 (1990).
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PULSED X-RAY SOURCES FOR RESEARCH AND INDUSTRIAL
APPLICATIONS

A.Radu, D.Martin, V.Zoita, M.Toma, E.Iliescu, C.Oproiu, S.Marghitu, M.Radoiu, V.Bestea,
'National Institute for Laser, Plasma and Radiation Physics (NILPRP), P.O.Box MG-36, #1

Atomistilor St., 76900 Bucharest, Romania

1. INTRODUCTION

At the present time, research on the production of short X-ray pulses is still a very
active and attractive domain. The domains of application of such pulses are extremely wide
and, in addition to conventional industrial use in radiography, cover many topics of scientific
and industrial research [1]. Following the well-known configuration of the pulsed direct
discharge in vacuum devices, a pulsed field emission X-ray source (PFEXS) was developed at
the National Institute for Laser, Plasma and Radiation Physics-Bucharest. PEFXS consists of
three important subassemblies: a low impedance X-ray tube (XRT), a high voltage pulse
generator (HVPG) and a generator control system (GCS). XRT may be driven by two types of
HVPG: a single pulse Marx generator (SPMG) and a repetitive pulse generator (RPG).

The system configuration with SPMG is used at laboratory-scale for research in the
field of material science while the low cost and low complexity system configuration with
RPG, will be developed for industrial applications. SPMG was designed to supply also other
devices, either directly or through a Blumlein pulse forming line, such as plasma discharge
chambers and electron beam tubes. Emitted doses were optimised by anode-cathode high
voltage level, anode-cathode space and anode-exit window distance.

2. X-RAY TUBE (XRT)

XRT (335 mm length and 145 mm diameter) is a diode tube of demountable type
consisting of a high voltage isolator, a stainless steel chamber with a thin aluminium window
for X-ray output and a vacuum pipe branched to a vacuum system, a conical shaped tungsten
anode and a bored multiple-sheet tantalum cathode. This solution is not expensive and offers
the possibility to change the geometrical configuration of the anode-cathode arrangement. Fig.
1 shows the XRT photograph.

3. SINGLE PULSE MARX GENERATOR (SPMG)

SPMG is a modified two-stage Marx generator. The electrical schematics of SPMG is
shown in Fig. 2 and its photograph in Fig. 3. The stage I is formed of high voltage switch
HVS-1 and the capacitors CI and C2. The stage 2 consists of switch HVS-2 and capacitors C3
and C4.

SPMG has two working regimes:
"* the charging regime when C1-C4 are parallel connected and they are charged through R1-

R4 resistors from a double polarity high voltage source (DPHVS of ± 40 kV),
"* the discharging regime, when a fast negative pulse of 80 kV, 5 ns rise time and less than 10

ns delays, produced by the master spark gap switch (SGS), triggers the HVS-1 and HVS-2
switches, and so C 1-C4 are connected in series.
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SGSTS (spark gap switch triggering system) generates triggering pulses (40 kV

amplitude, 150 ns duration and less than 30 ns rise-time) for SGS. RCI, RC2 and RC3 are
Rogowsky coils. The resistors Rpl and Rp2 are used to connect to the ground the polarisation
electrodes of HVS1 and HVS2. The high voltage resistors R1-R4 are of special design, acting
as pure resistance during the charging time and as inductive reactances during the discharging
time in order to separate the SPMG from the power supply. C1-C4 are of Maxwell type and

have the following characteristics: C = 0.2 pF; L = 0.017+0.025 pH; U = 40 kV. The HVS1

and HVS2 high-voltage switches, designed at the NILPRP, are three electrodes switches,
which operate in high pressure gas ( 5.25 bar). These switches are cylindrical, with 80 mm
length and 150 mm diameter. Their performances are: 40 kV working voltage, 100 kA
maximum pulse current; 500 J maximum transferred energy; 40 nH proper inductance; 50, 000
pulses-estimated lifetime.

SPMG was tested under different conditions. The first were the short-circuit tests. As a
load cooper strips and adjustable spark gaps were used. In these conditions the best triggering
voltages and working pressures for HVS-1 and HVS-2 and the value of the SPMG series
inductance have been determined. For an output pulse of 80 kV, the current amplitude was

13.8 kA and pulse width 1 ps. The series inductance which results from these data is 1.3 pH.
XRT was coupled to SPMG by a high voltage coaxial cable. Each pulse of 80 kV has

produced an X-ray pulse of about 2 R at 5 cm from the output window. The measured focal
spot diameter of X-ray beam is up to 2 mm.

4. REPETITIVE PULSE GENERATOR (RPG)

RPG consists of a high voltage rectifier (20 kV, 20 mA), a charging resistor, a charging
capacitor (20 nF), a hydrogen thyratron (25 kV, 1000 A), a pulse forming line (PFL) and a
pulse transformer (PT). PFL consists of two high voltage coaxial cables ( 50 fC characteristic
impedance and 10 m length) with their inputs coupled in parallel and their outputs in series. PT
has a C-type ferrite core with 120 cm2 overall cross-section. Its windings are made of a high
voltage flexible copper conductor on an adequate insulated framework. PT is housed in a
Plexiglas tank filled with high quality transformer oil. RPG generates pulses with the maximum
peak output voltage of 300 kV, the rise time less than 100 ns and the maximum repetition rate
of 100 Hz. The optimum amplitude voltage which provides up to 14 mR/pulse at 10 cm from
the XRT exit window was 230 kV. Fig. 4 gives the dependence of the dose/pulse (R/pulse)
versus high voltage applied on XRT. Fig. 5 shows the radiography of steel objects in the
thickness range 0.5-3 mm which were obtained using RPG.

5. GENERATOR CONTROL SYSTEM (GCS)

GCS was designed primarily to control the pulse high voltage level applied to XRT, the
X-ray pulses number and the pulse repetition rate in the case of RPG type use, with the
necessaries interlocking and warring signals. In the case of SPMG type use, GCS is detached
from SPMG by a total galvanic separation barrier which consists of a fiber optic cable assembly
for analog signals and of special low-stray capacitance transformers for logical-command states
and mains supply. Also, a delay of a few second is introduced between the start pulse
command and the actual Marx discharging pulse to avoid operator direct contact to the keys.
Normally, the pulse start command are made automatically. These facilities ensure the
protection of people and devices against high voltage-high frequency destructive interferences.
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6. CONCLUSIONS

X-ray diodes driven by high voltage pulsed power supplies still offer a very attractive
solution for the realisation of intense sources at laboratory scale. Also, the application of pulse
X-ray generators in industry, medicine and biology have high benefits because of their higher
quality picture compared to continuous X-radiation.

The main feature of our X-ray sources using RPG is the use of a combined pulse
forming system consisting of a coaxial cable double forming line and a capacitor. This solution
offers the advantage that the high voltage appears only during the pulse time and only between
the pulse transformer output and X-ray tube, thus reducing the high voltage problems. Also,
this solution permits a separate adjusting of the pulse rise time and length.

References
1. J.M.Pouvesle, C. Cachoncinlle, R. Viladrosa, E. Robert, A. Khacef, Nucl. Instr. and Meth. in Phys. Res.
B113 (1996) 134-140
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TO THE THEORY OF A PLASMA FILLED ION DIODE
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Abstract
Theoretical model of a low density plasma diode is proposed. At the stage when the

magnetic field of the diode current magnetizes the plasma electrons the Hall electric field
accelerates the ions towards the cathode. It is shown that the process of plasma rarefaction in
this case appears as a plasma erosion shock wave propagating through the magnetized
quasineutral plasma.

Introduction
In a conventional vacuum diode the electron current through the anode-cathode gap

dominates. In order to increase the respective value of the ion current, the electrons should be
magnetized. When the interelectrode gap is initially prefilled with low-density plasma, two
possible mechanisms of the magnetic field - plasma evolution are being extensively
discussed. First, if the magnetic field is confined in a relatively thin skin depth the magnetic
force of the current can expel the plasma from the interelectrode gap [1]. Further magnetic
insulation of the electron flow occurs like in vacuum diodes. Second, if the magnetic field
penetrates through the diode plasma, it can magnetize the electron fluid and suppress the
electron current [2]. In this case the plasma quasineutrality is maintained and the diode
current is no more limited by the space charge and can be much higher than the ion current of
the vacuum diode unless the diode becomes completely free of plasma ions [3]. Both these
processes exist in the Plasma Filled Diode (PFD) as well as in Plasma Opening Switches
(POS).

The behavior of plasma conductor with magnetized light particles and non-magnetized
heavy particles should be described by the equations where in the Ohm's law the Hall term
must be kept [4]. In [5] for the first time it was shown that the magnetic field shock wave may
go ahead of the compression wave of the plasma density jump if

.c IV ln(n, )l >1 (1)
0)Pi

At the magnetic field penetration stage the electron current exists in a thin layer along
the cathode, allowing an electric field, EH, such that

eneE = -VB 2  (2)81r

Near the cathode, starting from the moment when the magnetic field wave arrives, the
acceleration of ions occurs and the plasma density drops. This process was pointed our
previously by the first author in [2].

The ion current to the cathode as a consequence of such plasma erosion on the
background of magnetized electrons was calculated in our paper [3]. The present paper is
devoted to the detailed consideration of the plasma dynamics in a Hall PFD/POS in order to
ground the basic assumption done in [3] for calculation of the ion current value - i.e. that the
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acceleration of ions occurs in a thin layer 8 much smaller than the anode-cathode gap D, and
that the plasma erosion wave represents a quasi- one-dimensional (6 << D), quasi-stationary
rarefaction shock wave.

The equation for the erosion wave
The geometry is shown in Fig. 1 for the case when the effects related to the magnetic

lines curvature are neglected. We choose B = (0, - B, 0), B > 0, E (E., 0, E), Vi (Vx, 0,

Vz) - the ion velocity, and v. (vx, 0, vZ) - the electron velocity. Initially B = Bo(z), n = no (z)

are monotonic functions of z.
i ~ ~ ..... ........ ii',i i '

to power X

suc..........................y~z
C .......

Fig. 1. General statement of the problem

Below we will use the values normalized to the maximum initial values in the non-
perturbed plasma Bmax, nmax .The magnetic field b is normalized to Bmax, the plasma density is

normalized to nmax, the time is normalized to the inverse ion cyclotron frequency, o . -

Mc/qBmax, the coordinates are normalized to c/opi, where o~pi is the ion plasma frequency

calculated upon nmax, the velocities are normalized to the Alfv~n velocity, v -
1/2

Bmax/( 4 7cnmaxM) , the electric field is normalized to the value BmaxVA/C, v is the collisional
frequency vei normalized to the electron cyclotron frequency, oCe, and , - m/M is the ratio of

electron mass to the ion mass. We consider also that a/az << a/Ox, and that the gaso- kinetic
pressures can be neglected in comparison with the magnetic field pressure. Therefore, in the
magnetized non-perturbed plasma b = bo(z) and n = no(z).

The radial Hall electric field, -[veB]/c (2), accelerated the ions towards the cathode, so

that Vx>> VZ in the ion momentum equation

ndV =-ba (3)
dt ox

Here we took into account plasma quasineutrality condition in the Ampere's law
eo'
=- -=nv, (4)

+ (n.V) 0 (5)

Let us now suppose that there exists a regular rarefaction wave propagating from the
cathode to the anode with the velocity u(z). Integrating equations (3) and (5) we obtain behind
the shock front for such a wave [6]

S 1 +b 2 -b 2  un° b E-b2 <0 (6)->1 , Vx =u -- (6
n no 2n 2U2  n 2nou

Generally, Eq. (6) do not respond the question about the character of the shock wave
(compression or rarefaction). In order to investigate this point we consider the generalized
Ohm's law which can be obtained from the equation of motion of the light (electron)
component
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0 = -E, - v.b (7)
edv• =-E2 +vxb-v(v•-VJ7)(8

dt
Here we keep both v, and v. << vZ. Let us consider the case of a strong rarefaction wave,

n << no, u << 1. Using expression (6) and integrating the Faraday's law equation,

b _ e9Ex •Z (9)
6i ez dc

we obtain that the sum of forces in Eq. (8) acting on electron fluid is equal to
- E + vxb = uFo (b) (10)

Fo(b)(b 0 -b)- b:-b 2  b b)db (b2 2)2 dFo()= b - b 0- b b -(11)' 1 b o
2nou2  4nYu3  dz 4n u4  dz

During integrating over x we take into account the boundary condition F(b)=0 for
b=bo(z). This allows us to rewrite Eq. (8) as follows

rno &b& 6 acb ov Ob&v, 1 v ab .Fo(b)=0 (12)

na flnu La& cz az axj n ua&

where vz is determined by Eq. (4). Finally, we want to show that Eq. (12) allows existence of
a quasi - plane (aB/lr >> aBlaz), quasi - stationary rarefaction shock wave, which propagates
from the cathode to the anode. Therefore, we will be looking for a solution in the form
B(x,z,t) = B(z,ý), • = [x - u(z)t]f(z). After small modifications, Eq. (12) yields

___no d I f no ag(b)- _f db - + F(b)=0 (13)
n dýKn dý) n 2 d4ý nu de

where for u << 1

I db2 2 dnou 1 dlnfg(b) - nu(b bE 0 +n u 2Ud2 (14)
n 0u -b +2nou2  dz noU dz nou dz

The equation (13) is the consequence of the conservation law for generalized momentum
ne(eB/mc) - rotve along the trajectories of electrons in the case of absence of collisions with

ions (v --> 0). The equation of this type was studied analytically in [2] and numerically in [6]
on the subject of existence of the compression shock wave. The rarefaction (plasma erosion)
wave we are looking for differs by the sign of the velocity, u(z), that is rather essential for the
case of strong collisions.

Further transformation of Eq. (13) is possible by introducing the following Lagrangian
variable

= n (15)d -d no Uf

so that the equation (13) will take simpler form:

d2b (b)dA 2 db F(b) (16)
dý2 dý dý 2

where r7= V and

F(b) (b2 -b2 )b+p(bo -b2) 2 -y(b2 -b2) (17)

1 dnou , db2

222 (18)
2nou 2 dz 2nou dz
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Let us look for the analytical solutions of Eq. (16) in the limit 1 -> 0 (collisionless case).
If we introduce new function

Y(b) =_ (19)

the equation (16) can be transformed in
dy2
d + 2g(b)Y2 = F(b) (20)db

Eq. (20) represents an ordinary differential equation of the first order for y 2 (b). The
general solution of this equation, satisfying the boundary condition b = bmin is

Y2 (b) = e-abf F(b')e-b' db' (21)

where a 2g. The function F(b) has three real roots, bo > bl > b2 =- bmin > 0,

b),b2 2b 24f _r (22)

if0 < 13b 0
2 < y < 13b02 + 1/4p3

In the choice of the boundary conditions we use the analogy of Eq. (20) and its integral

with the equation of motion of a particle in quasi-one-dimensional potential well Ad = y 2 (b).
The roles of time and coordinate are played here by C and b respectively. If the particle starts
to fall into the well at the point b = bo with zero velocity, and then climbs up the opposite
slope of the well to the point b = bmin = b2 with the velocity tending to zero, db/dC -> 0, the

time of this motion will be exponentially great. This happens if Y2 (brmin) -> 0 and

aA4/ab(bmin) -> 0. The first condition is automatically satisfied, while the second

corresponds to F(bn) = 0 in Eq. (17). Simultaneously, a proper choice of the free parameter

f(z) in the function g(b) allow to satisfy the condition Y2(b) = 0 at b -+ b0 for given bo(z) and
nou defined from Eq. (14).

Therefore, we have shown that in the case u << 1, Vei -- 0, there exists a stationary

solution in the form of a rarefaction shock wave. If we neglect the terms with S in Eq. (6), that
means that in the Ohm's law we took into account only the electron-ion friction, than the
solution for the erosion wave in plasma does not exist. Indeed, in the compression shock wave
the stationary magnetic field profile is established as a result of competition of the magnetic
field diffusion and convection, with the compression of the magnetic field . In the erosion
wave both these fluxes are in the same direction in Eq. (12). However, if the terms lhsl and
lhs2 dominate (the plasma collisionality is low) a shock-like solution of Eq. (12) does exist,
satisfying the boundary condition b -- bo at the erosion surface, b -> bmin bc at the cathode.

As it was shown in [6] just in collisionless case there is a compression shock wave without
heating. The statement of the present work is that in general Eq. (12) has nonlinear reversible
shock-like compression or erosion solutions.
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POLARITY DEPENDENT PLASMA DYNAMICS IN A
TRI-PLATE POS*

R.J. Commisso, R.A. Riley,a J. M. Grossmannb B.V. Weber, D.D. Hinshelwood, T.G. Jones,c
P.F. Ottinger, S.B. Swanekamp,d and J.J. Watrouse

Plasma Physics Division, Naval Research Laboratory, Washington, DC

ABSTRACT: An experimental comparison is presented of a planar, tri-plate POS operated in both
negative and positive polarity. For the same initial conditions, the conduction time is longer in positive
than in negative polarity and interferometry reveals marked differences in the evolution of the plasma
distribution. 2-D HalI/MHD calculations are also presented for a situation similar, but not identical, to the
experiment. We conclude that Hall physics can play a major role in the POS plasma dynamics during the
conduction phase of the POS and in determining the initial conditions for the opening phase.

I. INTRODUCTION

Plasma dynamics and density redistribution during the conduction phase of a plasma opening
switch (POS) is an important physics aspect of both the conduction and opening phases of the POS
operation.[1,2] Detailed interferometric measurements of POS plasma dynamics in the usual coaxial
geometry are limited because of constrained diagnostic access, particularly in the direction
perpendicular to the power flow. On the other hand, a planar POS geometry[3,4,5,6,7], allows
excellent diagnostic access perpendicular to the power flow. Detailed comparisons can be made
between such measurements and 2-D fluid codes for the purpose of benchmarking the code. The
importance of Hall/magneto-hydrodynamics(HaIl/MHD) [8,9,10] is of particular interest. In this paper,
we describe results of experiments from, and associated 2-D HaI1/MHD code simulations of, a POS in a
tri-plate (see Fig. 1) type of planar geometry [6] on Hawk. The calculations reflect the experimental
trends when HallEMH is included. Several significant differences between this and previous, planar
POS work performed elsewhere [3]-[7] are the magnitude of the conduction current, the details of the
POS plasma density distribution and species, and the use of a tri-plate rather than a bi-plate geometry
(see Sec. II).

II. DESCRIPTION OF EXPERIMENT

The Hawk tri-plate POS hardware is illustrated in Fig. 1 for negative polarity (NP) operation.
Twelve cable-gun plasma sources[1 1] are used, six on both top and bottom, and each centered over the
4-cm by 2-cm slots cut through the outer plates (labeled as anode in Fig. 1). Each gun is driven by a
0.6-mF capacitor charged to 25 kV. The current through each gun rises to a peak value of about 25 kA
in 0.6 ins. For NP, the inner conductor is at negative high voltage and POS current flows from the
outer plates to the inner plate. The situation is reversed for positive polarity (PP). Guided by
calculations, the inner-plate width was reduced over a small axial distance just upstream of the POS
(labeled "cathode current constriction" in Fig. 1) to reduce current bunching at the edges of the plate.
For a given current, the cathode B fields are about the same in the tri-plate and co-axial geometries,

* Work supported by the Defense Special Weapons Agency
a. current address LOGICON/RDA, Arlington, VA
b. current address, Remote Sensing Division, Naval Research Laboratory
c. current address, ICARUS, Inc., Bethesda, MI)
d. JAYCOR, Inc., McLean, VA
e. NumerEx, Albuquerque, NM
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density gap region near the lower plate
) PP• •-expands in the z and y directions as current

2 Ic, a 5 kA in the load increases, until there is at least a
0,0 , I,= 6kA several-mm region of very low density

0 (relative to the initial density) between the
2h . +PL t = 600 ns -. cathode and POS plasma everywhere in z. It

"It.I= 500 kA has been conjectured that an effective gap
,, ,,• oo" for magnetic insulation can grow very

quickly in this low-density region.[1,2] The
2 11D'"T t =400 ns

It, a 330 kA density contours for PP at t = 600 ns,
,I< SkA (Fig. 3[c]), are very different from the NP

0 .contours (Fig. 3 [b]) at the same time. In PP,
o 5 10 15 20 a low-density region forms on the upper

Fi40.3. Mcasurcd densitN contours for NP and PP. conductor (now the cathode), and plasma ispushed toward the lower conductor (now the
anode). Apparently, the low density region in which the effective gap may grow continues to be
associated with the electron emitting electrode (the cathode). However, this region is not as large as in
NP and the load current is significantly lower at the start of opening. The initial POS plasma density is
about 5 times higher at the upper electrode than the inner electrode, independent of polarity, so JxB
forces do not thin out the plasma as rapidly at the cathode in PP as in the NP case. At t = 600 ns, a
plasma still bridges the circuit, consistent with the lower load current (i.e., longer conduction time, see
Fig. 2) in PP. The clear difference in the evolution of the plasma density distribution between NP and
PP cannot be explained by simply reversing the sign of the current (and magnetic field) when the
polarity of the circuit is reversed because the direction of the JxB force is independent of polarity.
Also, from a pure MHD point of view, the higher initial density at the upper electrode suggests that the
plasma should be pushed away from it later than from the lower electrode, also contrary to the
observation. The data strongly suggest that the detailed current distribution must also change with
polarity and change in a way not predicted by pure MHID.

Finally, we note that at the end of the conduction phase the electron inventory increases by a factor
of 2.75 over what it would have been without the application of the Hawk current. This is probably a
result of ionization.

IV. COMPUTATIONAL RESUTS

To investigate theoretically the observed nm evolution in NP and the differences between PP and
NP POS operation, we employed a 2-D fluid code that has a Hall/MHD capability that has been tested
against several problems with known solutions.[10] The initial density profile in the y direction and
current time history are very similar to, but not exactly the same as, the measured density profile and
current from the Hawk experiment. Also, the initial fill region is 6-cm long (rather than 4 cm) and the
plasma is assumed to be C++ (the cable gun flashover surface is actually Teflon, C2F4). Shown in
Fig. 4(a), (b), and (c) is a comparison of calculated n. contours at t = 540 ns for a NP case with pure
MHD and with HaflMHD, and for PP with Hall/MIHD, respectively (here z = 0 is the upstream edge of
the plasma). The difference in the evolution of the nM and without Hall in the computation is evident by
comparing Figs. 4(a) and (b). With Hall (Fig. 4[b]), the plasma develops a narrow, low-density
channel. Plasma is pushed up and down with a low-density gap (<1014 cm"3, the floor density for the
calculation) forming in the vicinity of the cathode across the entire plasma length by t = 540 ns. This
picture is very similar to what is observed at t = 600 in the NP experiment (Fig. 3[b]). Without Hall
(Fig. 6[a]), the distortion is significantly less at t = 540 ns as expected in a pure MHD picture (lowest
density moving furthest). Intuitively, one would suppose that the distribution shown in Fig. 4(b) (with
Hall) is more likely to "open" at t = 540 ns than the distribution shown in Figs. 4(a) (MID only).
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There is a striking difference between the evolution of n,. in PP (Fig. 4[c]) and NP (Fig. 4[b]) when Hall
is included. In the NP case, the POS plasma has been redistributed so that there is a low density gap
across the entire plasma length at t = 540 ns, while at the same time in the PP case there is still a plasma
bridge across the electrodes, implying a longer conduction time, as in the experiment (see Fig. 2). Also,
the thinning appears to evolve diagonally rather than horizontally.

generator load- It must be pointed out that preferential
2 • ] - current penetration along the cathode can also

'41O0 cm' (c) result in a different current distribution when the

1.0 t=W42ns polarity of the circuit is reversed. This
0.1x10Iý ct~j PP, with Hall0.0 phenomenon must be investigated and evaluated.

2.0 C4x1

E 1(0 O.,xg' cm• V. SUMMARY and CONCLUSIONS
0 ~ ~ ~ 4 nsrCM"cM D

.0. .,th . NP, tri-plate POS experiments at • 1013 cm 3

2.0- 1 + on Hawk and 2-D Hall/MHD simulations suggest
2U1011 0 that the Hall physics is required in the simulations

1.0 to better replicate the measured evolution and0AX01 C1.0 t W • nse"

0.110 cmNP. withut 11.1 thinning of the plasma during the conduction
phase. In NP, the simulations indicate that the

Z (Cm) Hall mechanism changes the current distribution,
Fig4. Comparison of computed dcnsity contours, resulting in JxB forces that distort and redistribute

the conducting plasma in a way that closely
resembles the measurements and that would not be expected from MHD alone. In PP, the simulations
with Hall suggest a longer conduction time, as observed in the experiments, but do not represent the
measured density evolution as well as in NP. The effects of preferential current penetration at the
cathode needs to be considered. It appears that inclusion of the Hall term in fluid codes that simulate
these type of POS plasmas, as well as other plasmas, is essential. In the future, we hope to redo the
simulations, matching more exactly the initial plasma distribution, plasma species, and Hawk current
waveform, and include ionization and resistivity (classical and anomalous) and effects of electron
inertia.

The authors wish to thank M.P. Hebert, P. Filios, J. Rowley,and R. Schneider of DSWA for their
support through the course of this work.
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INTRODUCTION

The cascade FCGs with the high energy gain are defined as the separate FCG connected
with each other by means of transformers and operating in series [1-5]. The high energy gain
systems consist of helical generators connected with each other by step-up transformers [1 ].

For the power source of the first cascade the explosive piezogenerator (EPG) [6,7] is
more preferable. EPG and FCG are well compatible in the operating principle and
electrotechnical parameters. A feasibility to power the helical FCG from EPG is shown in
paper [8].

In present paper the results of testing the two-cascade system of helical FCG with the
explosive piezogenerator as a primary source are adduced. The system has comparatively
small dimensions and is intended to achieve the energy up to -0.5 MJ in the load.

DESIGN DESCRIPTION

In studying FCG with EPG [8] we did not put forward a task to optimize electrotechnical
parameters of the system. To test the performance of proposed design of a self-contained
energy source, the two assemblies [6,9] developed independently were chosen, which, after
modification, were combined into one device.

Explosive Piezoceramic Generator. The primary pulse of electric energy is produced in
the explosive piezogenerator during shock loading of the working medium (piezoceramics)
through transfer of polarized charges in its volume against the forces of the excited electric
field. The operating principle, equivalent electric circuit, mathematic dependences for
calculating electric circuit parameters and the EPG experiment results are presented in papers
[6-8]. For cascade FCG tests the EPG has been developed, which has a working medium
made of piezoceramics HKP-1 with the volume 60 cm. In the preliminary test the EPG
produced the energy pulse 8.4 J in the load 500 p.H at the additional capacitor capacity
-0.2 jiF. The magnitudes of current and voltage were 180 A and 10 kV, respectively, and the
time of current rise to the maximum was 16 pts.

First Cascade of Energy Amplification. The energy produced by explosive
piezogenerator is considered to be initial for a small-sized helical FCG of the first cascade
which amplifies it up to kilojoule level. Providing a sufficiently high energy gain at the
limited output voltage is the main requirement to FCG. Limitation of voltage is defined by the
parameters of a step-up transformer as well as by electric strength of the FCG input in the
second cascade of energy amplification.

A new FCG with helix diameter 50 mm (FCG-50) has been created for the cascade
energy source. The helical coil is 400 mm in length. It is designed so that during the FCG
operation the voltage in the load is limited by the value 1.0-1.2 kV. FCG-50 has initial
inductance 530 giH and active resistance 4.2 Ohm.
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The FCG-50 electric characteristics were experimentally tested without transformer with
the powering by initial energy of 8 J. In the FCG-50 load with inductance 85 nH the magnetic
energy 1.4 kJ is stored, which has the 19 us characteristic time of current rise at the final stage
under peak voltage -900 V.

Transformer Assembly. To match the FCG-50 output parameters in current and voltage
to the input parameters of the second cascade, a step-up cylindrical transformer is used. The
matching transformer and FCG-50 are combined into one assembly.

The interwinding insulation, which must be as less thick as possible to provide the
maximum feasible coupling coefficient K between transformer windings, is made of mylar
-0.2 mm thick. The primary winding consists of two turns. The secondary winding has 80
turns.

Basing on the measurement results, the values of transformer assembly inductances are:
Transformer primary winding has inductance L1 = 244 nH, secondary winding inductance is
equal to L 2 = 430 ýfH, and mutual inductance is L12 = 9,9 pH. Since the FCG-100 resistance is
not high, one may use the effective inductance approximation [1] being Lleff = 60 nH to
estimate the FCG-50 performance. Transformer coupling coefficient K calculated basing on
this data is 0.967.

Second Cascade of Energy Amplification. In the second amplification cascade one of
the designed generators of FCG-100 type is used, which performance is well known [9]. The
generator operates at the initial magnetic field energy -1 kJ and provides the energy
amplification up to 450 times. The FCG helical coil has the internal diameter 100 mm and the
length -700 mm. The HE charge mass is 1.7 kg. The FCG-100 allows to obtain the current
pulses with the amplitude 5-6 MA with the characteristic time -10 ps in the final operation
stage under inductive load -30 nH. The FCG-100 may be used as a powering source for more
powerful generators, coaxial or disk types, but in most our experiments it is employed
together with fast-operating explosive opening switches to produce high voltage pulses with
the rise front < 0.5 ps.

EXPERIMENTAL RESULTS

In the explosion experiment with the helical cascade FCG the electric energy 6 J from
EPG is introduced in the first cascade. Fig.1 gives the oscillogram of current and voltage
under the EPG capacity capacitor discharge into the FCG-50 helical coil. The time interval
beginning from the piezogenerator HE charge blasting till HE initiation in the FCG-50 central
tube was chosen so that closing of the FCG-50 electric circuit occurred at the maximum EPG
current.

After FCG-50 operation the current in the matching transformer primary winding was
I, = 230 kA (Fig.2) that corresponds to the stored magnetic energy 1.5 kJ. By means of the
first cascade the energy was amplified by a factor of 260. In the primary winding the voltage
-1.1 kV was achieved.

Fig.3 and Fig.4 give time dependencies of FCG-100 powering current and FCG-100
input voltage, respectively. The values of energy (-1.0 kJ) and magnetic flux (-0.45 Webers)
introduced in the FCG- 100 compression volume correspond to the optimal mode of generator
powering. The energy transmission coefficient of the matching transformer was -65%. In the
FCG-100 load with inductance -30 nH the magnetic energy 410 kJ was achieved with the
characteristic time 9 ps of current rise in the final stage. Time dependence of FCG- 100 current
is shown in Fig.5.
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The energy gain of the helical cascade FCG in the whole was -68000 and the total time
of system operation was -150 g~s.

Fig.6 shows the external appearance of tested device.
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Fig.1. EPG current and voltage. Fig.2. FCG-50 current.

8I! - -
5

4
20

3

0 20 40 80 80 20 40 60 80

t, As t' Ps

Fig.3. FCG-100 powering current. Fig.4. FCG- 100 input voltage.
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Fig.5. FCG-100 current. Fig.6. Cascade FCG external appearance.
1 - EPG, 2 - FCG-50 with transformer,

3 - FCG- 100.
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RECENT OPENING SWITCH RESULTS ON DECADE MODULE 1
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ABSTRACT

As part of a continuing effort to improve the performance of the DECADE simulator,
we report on some recent experiments using the DM1 module (1.5 MA in 300ns as
configured). The purpose of these experiments was to investigate the sensitivity of the
plasma opening switch (POS) operation to injected plasma symmetry, and to determine the
magnitude of ion current losses in the POS region during switch opening. Data are
presented for both 24 and 96 cable gun plasma source configurations. Additionally,
interferometry was used to measure the initial plasma conditions in the switch.

EFFECTS OF IMPROVED SYMMETRY

To test the effect of symmetry, a POS was designed that could use either 24 or 96 cable
gun plasma sources driven by 8 'dog-house' capacitor banks provided by NRL. Each 'dog-
house' consists of three 0.6 1.±F capacitors using a common switch for triggering. Each
capacitor was thus driving either 1 or 4 sources. Data were obtained at a nominal
conduction current of 1.4 MA. Because of the scaling of output density with current through
each plasma source, the same delay time (2.7 ýis) between firing the 'dog-houses' and firing
DM1 was used for both the 24 and 96 source tests, and resulted in the same conducted
current.

It appears that there is little improvement noted going from 24 to 96 plasma sources.
There may be some increase in peak radiation output, but there were not enough shots taken
for the difference to be statistically significant. The following table summarizes the peak
radiation output for the two qualification tests (24 sources) and the recent 24 and 96 source
data.

POS Current Peak Radiation Radiation Dose

(MA) (arb units) (arb units)

Qual Test 1 1.42±0.04 4.7±0.8 (17%) 209±44 (21%)
Qual Test 2 1.38±0.04 5.0±0.4 (8%) 220±43 (20%)
24 Plasma Sources 1.39±0.04 3.0±0.6 (20%) 126±29 (23%)
96 Plasma Sources 1.41±0.03 3.5±0.9 (26%) 134±40 (30%)

The Qual tests included in the tables in this paper, are controlled tests of DMI POS
operation under fixed and optimized conditions. One should note that several features of the
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present experiment were degraded from those of the Qual test configurations to allow
diagnostic access, or to make direct comparisons with later planned experiments possible.

Another aspect of switch operation that would be thought to depend upon injected
plasma reproducibility, timing jitter of the POS, was not noticeably affected by the use of
more sources. The timing of the start of downstream current (CTI), the peak of POS voltage
(CTV), and xray production (CTX), are summarized in the following table.

CTI (ns) CTV (ns) CTX (ns)

Qual Test 1 251.6±10.5 275.6±5.5 268.5±5.2
Qual Test 2 247.3±8.9 270.0±7.4 261.0±7.5
24 Plasma Sources 276.4±6.4 314.2±7.7 307.5±7.3

96 Plasma Sources 272.3±4.4 304±12.1 297.2±9.5

One working hypothesis is that secondary surface plasmas play a significant role in the
conduction and transport phases of operation, and that until these plasmas are reduced or
made more reproducible, improvements in the injected plasma will not affect switch
operation.

MEASUREMENTS OF ION CURRENT

On some shots in this experimental series, Faraday collectors were used inside the
cathode, and ion currents were measured upstream and downstream of the POS. There is a
region of about 10-cm around the plasma injection location where measurements cannot
presently be made. Ignoring this region, the upstream ion current during POS opening
appears to be about 100 kA, distributed roughly evenly along the cathode. This lack of fall-
off of ion current as one goes further from the POS is surprising and needs more shots to be
verified. Downstream, the ion losses manifest as a moving slug of about 400 kA, about
5-cm wide, traveling at 300cm/pts. Unfortunately, all the data analyzed so far were not
acquired far enough downstream to see the ion current at the time of radiation production.
Figure 1 summarizes the two losses discussed, and shows current lines at three different
times based on the ion losses, and rise times of the axial current monitors. Note that each of
the upstream ion detectors see about 8-1 OkA of current and that these currents occur in phase
with the POS voltage, while the downstream currents appear before peak POS voltage, and
are sequential.

INTERFEROMETRY

Data have been obtained at various radial locations for the line-integrated density of
the initial fill plasma in the POS. Measurements during the opening of the switch have not
yet been made due to unresolved noise and fiber-optic scintillation issues when voltage and
radiation are produced. Typical density profiles are shown in Figure 2 where a 4-cm length
has been assumed for the POS. Full fluid simulations of these results have not yet been
performed to examine the hydromagnetic distortion of the plasma during conduction, and
obtain estimates for predicted conduction times, but comparison to the simple hydro model
has been made and is shown in Figure 3. Good agreement is seen if one assumes that the
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Figure 1. Side view of DM1 hardware showing upstream and downstream ion currents. The
dark lines in the drawing correspond to current lines at various times prior to radiation
production.
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Figure 3. Comparison of measured and predicted plasma density. To get
this agreement, singly ionized carbon has been assumed for the ion species.

SUMMARY

Experiments on DMI have not shown significant improvement in either performance
or reproducibility due to the use of additional plasma sources to increase symmetry. It is
possible that secondary plasmas from either the electrode surfaces, or ionization of
background gas play a large role in switch operation. Certainly there are plasmas observed
on the cathode far from the POS injection region based on Faraday collector signals. These
signals show distributed losses upstream of the switch, and bulk motion of a current slug
downstream. Further analysis, and additional data, are required to have confidence in these
interpretations.

Interferometry has been used to measure the initial conditions in the POS. These
conditions appear to be consistent with expectations based upon hydromagnetic motion of
the plasma prior to opening, but full modeling of the switch including Hall effects has yet to
be done.

This work has been supported by the Defense Special Weapons Agency.

-276-



BIDIRECTIONAL PULSE GENERATOR SYSTEM

FOR LINEAR INDUCTION ACCELERATOR

J.Ohmura, M.Ozawa, *A.Okino, **J-H.Park, **K-C.Ko and E.Hotta

Department of Energy Sciences, Tokyo Institute of Technology,
Nagatsuta, Midori-ku, Yokohama, 226-8502, Japan.

*Department of Electrical and Electronic Engineering, Tokyo Institute of Technology,

O-okayama, Meguro-ku, Tokyo, 152-8552, Japan.
"**Department of Electrical and Computer Engineering, Hanyang University,

Seongdong-ku, Seoul, 133-791, Korea.

ABSTRACT

A bidirectional pulse generator system for linear induction accelerators, which consists
of a pulse generator for external injection and a line cavity, was analytically investigated and
the principle of the system was experimentally confirmed.

INTRODUCTION

In order to obtain a high-current charged particle beam, two types of linear induction
accelerators (LIA) have been already constructed. In one type, a unidirectional pulse is
injected to an accelerator from an external pulse generator. In this case, a toroidal magnetic
core surrounding a beam path is usually loaded in a cavity to increase the shunt inductance as
shown in Fig.1[1,2]. Since the magnetic energy stored in the core during the pulse is
impossible to be recovered, the energy transfer efficiency of the accelerator system never
attain 100%. On the other hand, the other type of LIA was proposed and constructed by
Pavlovskii et al[3]. In this type of LIA, the accelerator cavity itself is formed from pulse
forming lines with internal energy storage as shown in Fig.2. In this case, no magnetic core is
needed in the cavity. The pulser generates a bidirectional voltage and the voltage with reverse
polarity is used to accelerate a beam. Therefore, it is possible to make the time integral of the
output voltage zero. Since the fini magnetic energy stored in the cavity can be made zero at
the end of the pulse, the system attains the energy transfer efficiency of 100%.

Furthermore, a method of driving each cavity by an external bidirectional pulse
generator has been proposed by Smith[4], but it has not been realized yet. Therefore, we
constructed a bidirectional pulse generator system which has been proposed by the authors[5],
and confirmed the principle analytically and experimentally.

Connection

Core I Accelerating
Accelerating Beam Pulse Gap
Gap -0

am-" 0[• tSwitch H .

t Switch Beam Pulse

Fig.1 LIA injected by a unidirectional pulser. Fig.2 LIA made from pulse forming lines.
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THEORETICAL ANALYSIS

Two pulse generators of external pulse injection type, which consist of three pulse
forming lines of arbitrary impedances and one closing switch as shown in Fig.3, are
analyzed[5]. Output voltages are analytically calculated using Bergeron method[6] and the
conditions to attain the maximum energy transfer efficiency of 100% which is defined as a
ratio of the output energy to the energy initially stored in the charged lines are derived.

For the pulse generator shown in Fig.3(a), when z = 0, the output voltage V is
expressed as

. 1 (0<tI< 2T)

V° - 2x(x+1)_+(1-_x)(x- y) (2T < t < 4T)
(x + y)(x + 1)2

where Vo is the initial charging voltage, x and y are the ratios of the pulse forming line

impedances to the output impedance of the pulse generator, and T is the wave transit time
across a line. When x = y, the pulse generator is a bidirectional one with energy transfer
efficiency of 100%.

Thus, two bidirectional pulse generators with energy transfer efficiency of 100% are
obtained and are shown in Fig.4. The pulser shown in Fig.4(b) is that proposed by Smith[4].

Output
Terminal _V/o

(a) zZo yZ Zo (a) V Zo 0 2 4 t/
x Zo Zo -0.5

p 6 Accelerating

V/Vo Voltage

p 0.75
(b) yZo Zo/3 (V(o) V Zo 0() zo(Vo). Zo (b) 2Zo

xZo 2Zo/3 075tT

Fig.3 Basic composition of pulsers. Fig.4 Bidirectional pulsers for external injection.

The cavity shown in Fig.5 is also analyzed. The cavity consists of two pulse
forming lines, the lengths of which are the same as those of the pulse generators. Assuming
that a bidirectional pulse is injected, the matching conditions at the connections of the cavity
to the transmission line and to the load are given by

z - x and x=1

x+y

respectively. Then, the calculated accelerating voltage VA, which is the output voltage with
reverse polarity, and the energy transfer efficiency q1 are given by a function of y as follows

VA, y+3 y(y+3)2

V, y+1 = 2(y+1)3

where Vi is the bidirectional voltage injected into the cavity. Figure 6 shows the amplitude of

accelerating voltage and the energy transfer efficiency as functions of y. The maximum
energy transfer efficiency is attained when y = 1 and therefore, z = 0.5 . In this case, the

output voltage is 2V,, that is, twice the input voltage.
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Fig.5 Analyzed cavity. Fig.6 Accelerating voltage and energy transfer efficiency.

EXPERIMENTAL

The bidirectional pulse generator system, which consists of the pulse
generator shown in Fig.4(a) and the cavity shown in Fig.5, was constructed. The
schematic diagram of the system is shown in Fig.7. A dummy load which consists
of a ceramic resistor and a semiconductor diode connected in series was used.

Bidirectional Pulser Transmis- Cavity Load
sionLine _

(Vo) ZoI2 A Zo Zo

ZoI2 Switch Zo/2 ZO IV
Fig.7 Constructed system.

The output impedance of the pulse generator Z0/2 is 5.5 Q, and the pulse width for

acceleration is 100 ns. The designed maximum charging voltage is 200 kV, but the experiment
was carried out at the charging voltage of 20 kV.

The output voltage waveform of the matched load set at the output terminal of the cavity
is shown in Fig.8. It is obvious that a bidirectional voltage pulse of about 20 kV, which is the
same as the charging voltage of the pulse generator, is obtained. This result coincides with the
analysis. Thus the principle of the bidirectional pulse generator system is confirmed.

The voltage waveform computed by using EMTP is also shown in Fig.8. The slow rise
of the voltage is caused by the inductance of output switch, which is confirmed from the
computation. Although we adopted a triggatron gap switch with 4 trigger pins to reduce the
inductance of the switch, it is very difficult to initiate 4 arcs simultaneously and only one
trigger is considered to work actually. From the risetime of the output voltage waveform
measured at the point A shown in Fig.6, the inductance of the switch is estimated to be about
90 nH. To reduce the inductance of switch by using a multi-arc-channel operation, a
fundamental test of laser-trigger switch is in progress now. A pulsed Nd:YAG laser, the
maximum output energy and the pulse width of which are 650 mJ and 5-7 ns, respectively is
used. The results will appeare elsewhere.
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Fig.8 Experimental and simulation result of the output voltage waveform of the matched load.

CONCLUSIONS

Bidirectional pulse generators for external pulse injection, which can be used
for high efficient linear induction accelerator systems, are analyzed.

One of the pulse generators analytically obtained was constructed and tested.
The observed output voltage waveform across the dummy load, which consists of a
resistor and a semiconductor diode connected in series, agrees well with the
computed one. Thus the validity of the analysis and the usefulness of the proposed
system were confirmed.

However, it is also revealed that the inductance of the switch affects the
risetime of the output voltage remarkably. Therefore, using a pulsed Nd:YAG
laser, a preliminary test of laser-trigger switch to reduce the inductance of switch by firing
multi-channel-arc is in progress.
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INVESTIGATION OF PLASMA INHOMOGENEITIES
IN A PLASMA OPENING SWITCH BY LASER METHODS

G.I.Dolgachev, Yu.G.Kalinin, A.S.Kingsep,
M.S.Nitishinsky, and A.Yu.Shashkov

Applied Physics Division, Russian Research Centre
"Kurchatov Institute", 123182, Moscow, Russia

INTRODUCTION

Investigation of plasma turbulent noises in a plasma opening switch (POS) is
presented. A YAG:Nd laser has been used to illuminate a POS plasma, and angular
broadening of laser beam (10-3 < A,ý < 5x10-3) was detected. This effect can not be
explained neither by regular density gradient, nor by scattering on heat fluctuations of
the plasma density. The most probable seems the mechanism of nonlinear laser beam
scattering on the turbulent noises. A role of various oscillations (electro-static and
helicons) is discussed.

EXPERIMENTAL SETUP AND DIAGNOSTICS

The experiments were carried out on the "Taina" generator [1]. Marx generator
(360 kV) feeds a coaxial vacuum line which delivers 140 kA to a short-circuit load in 1.8
pts. Employing POS, opening occurs in 1.6-1.8 ýis when total current rises to 105-120 kA.
Experiments were performed with following POS configuration: plasma source was
made as 64 spark gaps placed at the circle 30 cm diameter with the inner electrode
(cathode) diameter 10 cm. Load inductance was about 350 nH.

Figure 1 shows the experimental setup for laser beam scattering diagnostics. Such
a scheme could display density gradients, and is sensitive to laser beam deflections
stipulated by scattering. Q-switched laser 1 YAG:Nd (X= 1064 nm) gives 90-mJ, 15 ns
pulse. We used one laser pulse (and obtain one experimental frame) during "Taina" shot.
LiNbO3 crystal 2 provides following transition to X=532 nm. Further, laser beam is
expanded by telescope 3 up to 2 cm diameter and go through vacuum chamber 4 along
the POS cathode. Interference filters 5 are used to cut off the plasma luminescence. A
mask 7 is placed at the focus of lens 6 (F=234 mm). Sensitive film 8 is used for image
registration.

58
S ........... -8 . . .

6 7

Fig.1. Experimental layout.
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Laser Fig.2. Laser beam deflection on
beam -------------

......... .... ... ... plasma inhomogeneities.

film
plasma

The mask was performed as a wire which diameter was varied from D=0.23 to 2.5
mm. In the absence of a plasma laser beams were focused at wire axis; in experiments
laser beams deflected with plasma (dashed line at Fig.2) go past the mask and can be
registered by darkening of the film. The mask was installed horizontally at most
experiments.

SENSITIVITY TO PLASMA DENSITY GRADIENTS

The expression for electron density gradient VNe is following:
VNe= - P3/(4.46x 10-14 k2 L) (1),

where P3 is the angular deflection of a laser beam, k. - wavelength, L - plasma length.
Minimum angle

[rmin - amin /F (2),
where amin is a minimum detected laser beam shift in the focal plane. Estimating amin as
one half of mask width (- 0.1 mm), one can obtain the sensitivity for the case of k=532
nm:

<VNe L>min - 3x 1018 cm- 3 ,

and, substituting L-10 cm, we obtain <VNe>...in - 3x 10 7 cm- 4.

EXPERIMENTAL RESULTS

Strong density gradients were not revealed in our experiments (Fig.3). Instead, the
darkening of the film covering large region was observed. This could not be attaching of
few images of gradients: estimating <VNe> - 1018 cm-4 and scattered region size -1 cm,
we should have Ne - 1018 CM- 3. One could assume that darkening is provoked by the
scattering on turbulent density fluctuations.

Fig.3 Left- control frame, right- typical experimental frame.Black and white colors are inverted versus film.
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Both experimental frames and control frames (i.e. obtained just before the shot)
were scanned photometrically, and density of darkening was determined. Then density of
darkening was recalculated to the light intensities Iexp and Ic; I = Iexp - Ic. Denoting light
intensity before plasma as Io, one can estimate scattering coefficient as I/Io - 5%.

Density of darkening is about 0.4 when mask size h..in < 0.4 mm, slightly reduces
with h increase to 1.2 mm, and falls to noise at hmax = 2.5 mm. Substituting hmin and
hmax into formula (2), one can obtain the angular broadening of the probe laser
beam: 10-3 < Aq < 5x10-3. As it will be shown below, this value of A4 corresponds to
realizable level of plasma turbulence.

Spatial-temporal relation of the effect is the following. It is appears in 0.5 lis after
current beginning and observed up to POS opening. Scattered region is localized between
cathode and a surface at 4 cm from cathode.

A ROLE OF TURBULENT NOISES IN THE LASER BEAM SCATTERING

In our paper [1] it has been demonstrated that current flow through the plasma
diode in the POS regime was accompanied by the high level of turbulence resulting, in
particular, in anomalous resistivity. The level of oscillating field determined by the Stark
broadening was as high as E_ E 10.. .40 kV/cm. Both Langmuir oscillations and ion
acoustic waves could be responsible for such a level. If one tries to explain the effect
observed by these noises, the following relations have to be taken into account:
ki <<k., <<ki 1.2 * 10 cm-1 . In addition, let us compare the typical frequencies:
0)s <__ o~pi ýý 101°S -1; oI >!Cope &, 5*10"1s-t; cot ;z 4 *10" s-' .

As a result, we have to conclude that nothing but angular almost elastic scattering
may occur due to three - wave coupling witch may be described by the diffusive
equation:

aN(9) 0 D (3)
A 97 9 2 

(3

D = 1 C(-op20)e .(Cdot.2. COS2 9qg6(cosZV)

2(2yr) co t nT k
where WSq is the spectral density of the ion-acoustic noises, and N (a) - the angular
distribution of photons. The angular broadening of the laser beam can be estimated as:

< 92 >2 1 (!pe ) O pel 1 SAt io1-13<,92 >2•1 ~ ~ DeW 2~0 .(4)

4 - otZ c nT rD

It hardly can provide the satisfactory explanation of our experimental results. If
one considers the Langmuir plasmons instead of the ion-acoustic quanta, the
quantitative estimate turns out to be very close to (4). Thus, although we observe rather
high level of turbulent oscillating fields, they shouldn't be responsible for the scattering
effect. There exists, however, one more possibility of nonlinear scattering (see, e.g., [2])
conditioned by the helical modes:

q2C2

Co q 2 0) e cos/q~Bo.
cope
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They may be generated by the coalescence of two ion-acoustic quanta (such an
effect was observed in [3] and then was considered analytically in [4]). Besides, as it had
been shown in [5], they could be excited due to the non-potential current-driven
instability.

These modes, nevertheless, hardly may be revealed by means of the Stark
broadening, as follows from the estimates:

S) h << min PB ) ; _ •
B_ qc I c q(QoBe)cj

The second inequality is more essential just in our regime, resulting in 6x10-2. Hence,
some dozens kV/cm have to be accompanied by several kGs level of the magnetic
oscillations, that is certainly not our case. Nonetheless, the scattering observed may be
successfully explained by rather low level of whistlers. We mean just the same type of the
three-wave coupling. The wave number of helicons is restricted by the inequality

qh <<«P q(oIBc), resulting in t I0-...10-' which provides all the

approximations that have been used to obtain Eq (4). As for the probability of the three-
wave process, it had been calculated in [21:

( 3 2o tt Iot 2 h

Following the same order as while deducing Eq (4) one can calculate:
<82>2O* (01) q11 W

92> pe pe C2__(6)_

C OBe k, nmi2

Then estimating Yk 10-4 one can readily obtain that B g 10 Gs is quite enough to

provide the AO 19 10-2 broadening of the angular distribution.

This work was supported by the Russian Foundation of Fundamental Research -
grants No. 96-02-17540, 96-02-16258.
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CONTROLLED DISCHARGE ON DIELECTRIC SURFACE
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Abstract

The paper proposes technique for controlled commutation of energy on a dielectric sur-
face when affected by ultraviolet radiation, formed during electric explosion of wires. Com-
mutation characteristic of discharge can be controlled by changing intensity of surface irradia-
tion and number of commutation channels by changing number of exploded wires.

This technique, combined with other factors, is used for formation of trailing of voltage
(current) at accelerating tube of direct action accelerator IGUR-3. Exploded wires are placed
inside polyethylene pipes 7 m long. With simultaneous changes of electrical field strength
along the length of the pipe, steepness of rise of voltage pulse, and intensity of ultraviolet ra-
diation, duration of the trailing edge the pulse can be set from 20 ns up to 250 ns. Sped of dis-
charge on the pipe's surface does not depend upon its length and is, respectively,
3e108...3o107 m/s.

It is known that electrical explosion of wires is accompanied by intensive radiation of
light, specifically, ultraviolet radiation with -2000 A wavelength [1]. This effect is proposed
for use in commutation dischargers for shaping the anterior or back fronts of pulses of current
(voltage) on the load. The schematics of devices of such kind is shown on figure 1. The com-
mutation of energy in the discharger occurs on the surface of insulator "2" between electrodes
"1" and "3". If the electrical link between points "a" and "b" is absent, the explosion of wires
is synchronized with the arrival to electrode "1" of the working pulse from IVN-2 (high-
voltage source). When the pulse of ultraviolet radiation affects the surface of insulator, there is
a simultaneous formation of electron film along the whole length of insulator which, com-
bined with electrical field strength between electrodes "1" and "3", causes "instantaneous"
conductivity on the insulator surface. By varying the intensity of ultraviolet radiation upon
insulator surface, and the value of electrical field strength between electrodes "1" and "3", it is
possible to change the commutation characteristics of the discharger. The commutation char-
acteristics are easy to change, in this case, by changing the number of commutation channels
when the number of exploding wires is varied.

The phenomenon of dielectric surface conductivity emerging under the simultaneous ef-
fects of voltage and ultraviolet radiation is proposed for use in energy commutation in high-
voltage lines. This is easy to implement in the inductive storage circuits with energy commu-
tation by electrically exploded wires (EEW).

© RENC-VNIITF 1998
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The authors have proposed b
and studied the scheme of de-
vice having the connection a
between points "a" and "b" (see 1
figure 1), i.e. in this case the
IVN-2 source was absent, and F
the functions of working volt-
age generator were performed -N-1 IVN-2
by the energy inductive storage
circuit (see figure 2) with
EEW-based current opening
switch. 2

Exploded copper wires I"31
00.09 mm in diameter, 55
items, were placed into 15 Synchronize -

polyethylene pipes 70... 140 scheme Lmm. in diameter and 5 ... 7 mI

long. Each pipe engulfed fromlone. uach ptfuire engufedfrv- Figure 1. Controlled Dischargerone up to four wires, preserv-

ing the total cross-section. The EEW - electrically exploded wires; IVN-I - high voltage source for

voltage pulse on EEW has EEW explosion; IVN-2 - high (working) voltage source; 1,3 - dis-

variable steepness of increase charger electrodes,; 2 - insulator.

(101"... 1014 V/s) and will reach the value of 7.5 MV. The total maximal current going through
the wires is -180 kA. The EEW explosion mode was varied in the studies by means of energy
intake from IVN-2 into the load. When the load was switched on early (prepulse) the changes
in conditions of EEW explosion occurs due to reduction in energy drive rate (the energy used
for explosion of wires), this results in reduction of voltage across EEW, and, potentially, to
change (decrease) in intensity of ultraviolet radiation. The load switch time is modified by
changing the gap in sharpening L
discharger. Due to the various
degree of bypassing the EEW 7 _F
circuit by load (due to the change EEW PT
in EEW exploding energy drive I I
rate) the voltage across EEW C /

varied from 7.5 MV down to 4.5 AT
MV. In addition, the pulse cut- P1
off phenomenon was observed in I I
all cases, caused by emergence PT j EEW
of conductivity on the inner sur- - I
face of all polyethylene pipes. I
The nonuniformity in distribu-
tion of cut-off current along the
pipes was observed. This can be Figure 2. Location of Electrically Exploded Wires in the
explained by different levels of Circuit ofIGUR-3 Accelerator
ultraviolet radiation exposure
doses for pipes' surfaces. Figure C -primary storage of electric energy; L - storing inductance;

3 shows dependency of duration PT - polyethylene tube; EEW - electrically exploded wire; P1 - corn-

of the back front of current pulse mutation switch; P - sharpening switch; AT - accelerating tube.

at the load upon the strength of
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(fns)
electric field along the pipe tf L _1 1 L i 4 L 1 i ]

length. (This dependency is 2 I I I I I
conventional, since the nature I I I I I I
of variations in intensity of ul- 200 I -I, -I-" -I- - - -I-
traviolet radiation is not I I I I I I
known). Changes in the electric I I I I I I I I I
field strength from 0.67 MV/m 160 7 - - 7 - -

up to 1.1 MV/m with the paral- I I I I I I I I
lel change in the steepness of 120 L I _L J L -I- J
the pulse increase result in re- I I I I I I I I
ductions in pulse's back front I I I I I I I I
duration from 200 ns down to 80 •--I-- -- h-I- -- -I--
25 ns. The phenomenon of ul- I I I I I I I
traviolet effects on conductivity I I I I I I I I
was tested in the experimental 40 - - i I - - - - - "-
set-up with one pipe 400 mm in I I I i I I
diameter. The number of wires 0 E(MV/m)
placed in the pipe was equal to 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2 1,3
the total number of wires placed
in 15 pipes 070... 140 mm.
Other conditions were left un- Figure 3.
changed. The phenomenon ofpipe conductivity was observed Graph of Voltage (Current) Pulse in the Load Duration
pinpth casuctit whe weswered versus Strength of Electrical Field Along the Insulatorin this case when wires were v

neared to the surface at r:l50 Length (along the polyethylene pipes which house EEW)

cm. The "cut-off' trace ap-
peared directly opposite to the location of wires. Changes in location of the wires lead, re-
spectively, to the changes in the
location of the trace. 300 (ns)

If we look at this device as
the switch with dielectric sur-
face discharge, then the dis- 250

charge velocity, defined as:
200-

150

V = -

k 100

(where 1 -length of commutation 50
channel (pipe length), tk - com-
mutation time), is -3.107+31- 10' 6 8 h (ram)
which is substantially higher 0 20 40 0 80 160 120 140 160 180 200

than known velocities for other Figure 4. Duration of Pulse ofAccelerating Tube

switches of the similar class Current versus Gap Value in Sharpening Switch.

(-2.107 m/s). Moreover, this
velocity likely will be deter-
mined mostly by the intensity of ultraviolet irradiation of the surface, the value of field
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strength, steepness of pulse rise, and will be independent of the length of insulator, since the
commutation channel on dielectric's surface is created through the whole length.

The increase in pipe length from 1=5 m up to 7 m had no effect on commutation proper-
ties of the device.

The above method is used in the circuit of inductive energy storage and EEW for shaping
the back front of the pulse of current (voltage) on accelerating tube of IGUR-3 accelerator [2].

Reference [3] describes the method for controlling the anterior front of the voltage (cur-
rent) pulse on the IGUR-3 accelerating tube. The shaping methods for anterior and back fronts
of the pulse are mutually related and, ultimately, are determined by the gap value in the sharp-
ening switch. The increase (decrease) of the gap leads to:

"* increase (decrease) of amplitude of the voltage pulse across EEW;
"* increase (decrease) in steepness of pulse rise;
"* increase (decrease) in intensity of insulator (pipe) surface ultraviolet irradiation.

These factors determine the operation modes of sharpening and cut-off (in EEW circuit)
dischargers.

Thus, the duration of anterior and back fronts decrease with the increase in the gap, and
vice versa. Figure 4 shows the graph of current pulse duration versus gap in sharpening dis-
charger.
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400 KA INDUCTIVE VOLTAGE ADDER - INDUCTIVE ENERGY

STORAGE PULSED POWER GENERATOR ASO-X
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Kumamoto 860, Japan

ABSTRACT

A novel pulsed power generator using the inductive voltage adder technology was put into
operation in Kumamoto University. This machine, named "ASO-X", is an inductive voltage
adder - inductive energy storage pulsed power system. The maximum output voltage and
current of ASO-X are 180 kV and 400 kA respectively at the short circuit load with 1.3 [ts of
current quarter period. To increase the voltage, power and decrease the rise time of the load
current, the plasma opening switch is used at the output of ASO-X. Eight plasma guns serve
for the plasma source of the opening switch in the scheme of with the single triggered gap
switch. This system provides very fast current rise rate of 3.6x1012 A/s at over 1 [ts of
conduction time of the plasma opening switch.

INTRODUCTION

A new pulsed power generator ASO-X has been built in our laboratory using the inductive
voltage adder (IVA) technology [1-3]. For multiplying the output voltage, ASO-X consists of
three stages in series with magnetic cores (Hitachi Metals Ltd. FINEMET FT-1H). Two
capacitors in parallel are in each stage. The FINEMET nano-scale crystalline cores have good
magnetic properties such as high saturation flux density, high permeability and low core loss
and they are fast enough to be used in the pulsed power generators. The design of IVA
generator is flexible and allows increasing of its voltage and current. The increase of the
number of stages makes output voltage higher and the increase of the number of capacitors in
the stages makes output current higher. Two additional terminals for the capacitors are
provided in each stage for further upgrade. In spite of high current, its quarter period in an
IVA pulsed power generator can be lower compared to one using a Marx bank because of low
generator inductance and absence of high-voltage insulation. The generator uses no insulating
oil and, therefore, it is compact, comparatively cheap, nonflammable and ecologically clean.

Many applications of inductive energy storage pulsed power systems require higher power
and/or voltage. ASO-X itself provides high current with relatively fast risetime that can be
delivered to a load. Nevertheless a faster current risetime in the load circuit is required for
some applications such as Z-pinch and capillary pinch. Thus, an opening switch is necessary
to fasten the load current risetime. Plasma Opening Switch (POS) is one of the opening
switches applied frequently in order to compress the pulse in inductive energy storage pulsed
power systems [4].

In this report the characteristics of new pulsed power generator ASO-X with microsecond
POS are described.
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EXPERIMENTAL SETUP

Capacitor Fig. 1 shows the schematic
Core design of ASO-X generator. The

]S[ pa/ Insulator size of ASO-X without POS parts
is 2.7 m in width, 1.8 m in length
and 1.6 m in height and is

g a relatively compact. The ASO-X

load consists of three stages and total
of 6 capacitors with a capacitance

Vauu = Reset of 3.2 [tF. Each stage consists of a
pump cylinder set of two capacitors and one core

and this part is enclosed in a
chamber filled with SF 6 gas. The
capacitors are triggered by six

Fig.1. The schematics of ASO-X. field distortion type sparkgap
switches placed in the chamber

of each stage. These gap switches are fired by a single trigatron-type sparkgap. This sparkgap
is placed in the chamber filled with C0 2 gas and triggered by thyratron. Adjusting the
pressure of the gas in all sparkgaps provides the low-jitter operation at any charging voltage.
Actually at the optimum pressure the measured jitter of all 6 gaps is less than 130 ns. At the
charging voltage of 60 kV, the total stored energy is 35 kJ and the maximum output voltage
and the peak current are 180 kV and 400 kA respectively. After charging all 6 capacitors, all
sparkgaps are triggered simultaneously by the thyratron and the generator current flows in the
circuit with about 1.4 [ts of quarter period. There are 6 current monitors to measure the
current flowing through each capacitor and 2 current monitors on the both ends of ASO-X to
measure return current and output current. Since all sparkgaps are triggered simultaneously,
equal current flow in each cavity and the voltage is multiplied along the inner electrode of the
generator. The output current is proportional to the number of capacitors in a stage, the output

Plasn agun vacuumgauge, voltage is proportional to the number of
stages. The operation is controlled in a

Anode• T f ý remote screen room.
O S To connect the POS hardware and the

load with ASO-X, an extra outer electrode
CathodeQ and inner electrode are attached to output

side of ASO-X generator. Fig. 2 shows the
schematic diagram of the POS region. The

Generator distance between the plasma gun location
Current monitor and the short circuit load is about 375 mm.

Fig.2. The scheme of POS region. The diameters of outer electrode and inner
electrode are 140 mm and 60 mm

respectively. Inner electrode is made of aluminum tube and is replaced easily with another
electrode having a different diameter. To achieve the uniform plasma fill density in the POS
region, 8 guns were mounted in the outer electrode. The end plate of the inner electrode is
connected to outer electrode with copper plate as a short circuit load. This part is enclosed in a
vacuum chamber with the residual pressure of about 1 0 -4 Torr.

The plasma source consists of 8 cable plasma guns powered by 4 capacitors with a
capacitance of 0.7 pF each through a single triggered spark gap. A pair of guns is driven by
one capacitor. All capacitors are charged up to 25 kV and fired by the signal of external
trigger producing plasma in the POS region. The current flows through one plasma gun is
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measured by a Rogowski coil and is about 9 kA with the quarter period of approximately 1.6
'ts.

Changing the delay time between triggering the plasma guns and the firing of the ASO-X
.varies the POS conduction time. To control the delay time a delay/pulse generator (Stanford
Research DG-535) is used. Varying the delay time, the generator current IG is measured by
output current monitor of ASO-X and the load current IL is measured by a current monitor
located between the plasma guns and load. The electrical signals are recorded by 2 GSa/s
Hewlett Packard HP-54512B digital oscilloscope.

RESULTS AND DISCUSSION

The preliminary measurements of the plasma ion current density are made by a Biased
Faraday Cup (BFC). The plasma flow arrives to the cathode location at about 1.5 Its after
firing of the plasma gun and the peak current density takes place at 2.0 [is. The peak plasma
density at 40 mm, which corresponds to the surface of the inner electrode, is about 1014 cm-3 ;
the calculated plasma velocity at the plasma flow front reaches 2-2.5 cm/Ris. It should be
noted that the BFC measurements give usually the underestimated density in the plasma flow.
The main reason for this is the uncertainty of the flow velocity necessary for density
calculations. The substitution of the front velocity, which is usually high, into the formula for
the density calculations gives low plasma density. Low-velocity plasma, which follows the
fast front, may have higher density but results in low ion current density.

dec12004 2.66, psec
7 T - -- I----- I 'I

0

~1500'-5 -a quarter , period -- -- --....-- - -- -Z 50 IL p r

,-01000 conduction

C c 1000 start
= -100 "\."

, 1 Ia

500

01500 2

0.5 1 1.5 2 0 1 2 3 4

Time (usec) Delay time,(usec)

Fig.3.Generator current IG and load current IL. Fig.4. The POS conduction time vs delay time.

Fig. 3 shows the waveform of the generator current and the load current in POS
experiments. The delay time for this figure is 2.66 Rs. The POS conducts the generator current
for about 1.1 its and after that IL rises rapidly in few tens of nanoseconds. The value of dIl/dt
reaches approximately 3.6x1012 A/s with corresponding load current pulse width of about 30
ns FWHM. The estimated value of the load inductance from the plasma gun location to the
load is about 70 nH that gives the inductive voltage drop of approximately 250 kV. The
dependence of the conduction time versus delay time is shown in Fig. 4. The plasma bridge
connecting the electrodes builds up after approximately 1.2 its of the time delay and this is
minimum necessary time of effective plasma fill of the POS region. The conduction time
monotonously rises with the delay time. The POS conduction time over 1.4 its (longer than
the quarter period of ASO-X generator current) is also possible, but load current rise rate
decreases dramatically. Fig. 6 shows the dependence of dlt/dt on the conduction time. This
plot indicates the important relationship between two fundamental factors of POS operation.
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It is clear, that in this system with given parameters, the best POS operation, which means
both the fastest current rise rate and the longest conduction time not exceeding a quarter
period, can be obtained when the delay time is about 2.7 Vts. Charging the storage capacitors
up to 60kV provides higher output current of ASO-X and the operation of POS should be
better.

d =13 mm 3.27/.sec[xlO12] 4 2 xl1]'

3 * 1 ;PG 100

100
-~ 2 - 0 (ID

28 -

E

1 (L to i' -100

0

OL -2L L L -LL0 1 2 34-2 -1 0 1 2 3 4

Delay time (psec) Time (/sec)

Fig.5. dl/dt vs POS conduction time. Fig. 6. Plasma densities produced by plasma guns
only npg and during the POS operation with
corresponding generator and load currents.

The preliminary interferometer measurements of the plasma density during the POS
operation were carried out using a sensitive Michelson-type laser interferometer [5]. The
density drop indicating the location of the vacuum gap is measures in the vicinity of the
cathode. Fig. 6 shows the generator current, load current and plasma density at 13 mm from
the cathode during a shot. The thin solid line (npg) curve shows the plasma density from the
plasma gun without firing the main generator.

To improve the understanding of the POS features, the further plan of our research
includes the study of plasma distribution in switch region during POS opening. The
multichannel [6] interferometer measurements may be a proper method for that purpose. Such
measurement has been performed with parallel electrodes in our laboratory successfully and
the predominant gap location with the lowest average plasma density was observed in the
center of interelectrode gap [7]. The initial ASO-X plasma density measurements showed
different location of the vacuum gap, near the cathode, probably due to the higher magnetic
field gradient between the POS electrodes. The magnitude of the azimuthal magnetic field is
the highest near the inner electrode in the coaxial POS geometry used.

The ASO-X generator is found to be easy-to-operate, reliable and efficient current source.
Using the POS, it provides fast load current rise necessary to drive such loads as liner or
capillary discharge. This is an example of the successful replacement of the conventional
pulsed power scheme with a Marx generator and with intermediate water storages. The
scheme realized is compact, convenient and, by our point of view, has a good future.
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I INTRODUCTION

Dielectrics as a special class of materials, significantly differs in its characteristics to
those of conductors and semiconductors. Dielectrics have wide spectrum of different physical
and structural characteristics, from which the differences in its electrical characteristics arise.
The most important characteristics of dielectrics are: polarization, specific electrical
conductivity, dielectric loss factor, dielectric constant, aging and dielectric breakdown.
Factors which main influence this characteristics are: frequency, temperature, electric fields
strength, radiation, time of exploitation and mechanical deformation. Consequences of
previously mentioned factors on dielectric devices reliability depend on type of dielectric and
the area of its application.

Effects of interaction of radioactive radiation with dielectric materials which have been
used for passive isolators construction can be neglected, compared to the influence of other
factors (humidity, temperature, aging, chemical reactions). On the other hand, consequences
of radioactive radiation on dielectric components of active electric circuits may result in
significant changes of there functions. Basic components of active electric circuits whose
functioning is based on dielectric materials are capacitors.

Functioning of capacitors, which are used in military industry and space technology are
most important in high risk work conditions, such as the performance under the influence of
radiation is included [1]. Having in mind the constructive solution of discrete capacitors
which are used in electronics it is reasonable to expect the influence of neutron and gamma
radiation only [2].

The aim of this paper is to examine the influence of neutron and gamma radiation
obtained from 252Cf and 60Co on the dielectric loss factor (tg8) and capacitance (C) of the
polycarbon and liscun capacitors.The obtained results are explained theoretically.

II THE INFLUENCE OF IONIZING RADIATION ON CAPACITORS

In Fig. 1 the influence of ionizing radiation on organic materials is depicted [3]. The
influence can be divided in two phases. As a consequence of first phase of ionization
radiation, free electrons, positive ions and excited molecules are formed. In second phase free
radicals are formed. Huge amount of free radicals in dielectric leads to irreversible changes
which consist of destruction processes and structuring changes. Destruction is process of
breaking main chains of connected macro molecules which cause drop of
molecule mass and gas occurring. Destruction mechanism is determined by individual
characteristics of radiated material. Nowadays, for larger number of dielectrics destruction
process is not well known to the end. It should be noticed that radiation can change physical
and electrical characteristics of dielectric materials [4].
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Fig. 1. Block scheme of the influence of ionizing radiation on organic materials

III EXPERIMENTAL PROCEDURE

The examination was carried out on the following commercial components:
1) Polycarbon Capacitors (nominal voltage 160 V, capacity 1 jiF),
2) Liscun Capacitors (nominal voltage 25V, capacity 3,25nF, 1,5nF,0,625nF)

We examine the following capacitors characteristics:
1) the dielectric loss factor, tg6
2) capacitance, C

Measuring frequency was f=100kHz for polycarbon capacitors and f=120 Hz and
f=lkHz for liscun capacitors. . Examined polycarbon capacitors have a very high insulated
degree (10 -100 TQ) and small losses(tg8 = 0,0015), similar as liscun capacitors whose
dielectric loss factor varied from tg6 = 0,003 for C=0,625nF to tg6 = 0,010 for C=3,25nF. We
examine the influence of n+y radiation from 252Cf source on polycarbon capacitors
characteristics and y radiation from 60Co source on liscun capacitors.

The californium 252Cf isotope built on 12 06 1984 (weighting 2,265 jig) encapsulated
in form of Cf 20 3 was the n+y source. The form of neutron energy density spectra can be
approximated by following equation [5,6]:

S, (E) = 1,98 e-0 '88 sinh (2E) "2 109 ns/ 47t,
where E is energy in MeV. The neutron spectrum maximum was at 2MeV, neutron spectrum
maximum energy was 20MeV. The other characteristics of 252Cf source are presented as
follows:
1) the effective half life time of 252Cf source is 2,64 years,
2) half life of spontaneous fission is 83 years,
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3) specific neutron intensity is 2,34 x 106 [1/ Rgs],
4) specific gamma intensity is 5,3 x 109± 3 % [1/ [tgs],
5) average neutron energy is 6,117 MeV.

For polycarbon capacitors the double exponential voltage pulse (1,2 x 50[Ls) was applied.
The 60Co is standard y radioactive source from SSDL Vinca Laboratory in Belgrade. We

examined the liscun capacitors which were taking a 0,416 Mrad (4162 Gy) i.e. 0,244 Mrad
(2440 Gy), respectively. The dose rate amounted to 680,2324 Gy/h i.e. 133,13 Gy/h.
The measuring methodology were based on the computer controlled high quality instruments

and statistics experiment organization. This approach assures the high accuracy, reliability
and repeatability of performed measurements.

IV EXPERIMENTAL RESULTS

Table I presents values for Fn and F, (neutron fluence and gamma flux respectively)
dependencies versus NF (the exposure number) for polycarbon capacitors. In Fig.4 the change
of capacity of polycarbon capacitors versus n+y fluence/flux radiation is depicted. According
to this diagram we can conclude that radiation causes a decrease in the capacity of capacitors.
After repeating this experiment in 120 hours, effects of reversible nature were noticed. During
examination a measurable influence of n+y radiation on the dielectric loss factor tg8 was not
found.

NF Fn(n /cm 2) .1010 Fy(y /cm 2 ) l0o3

0 0 0
1 2.79 6.8
2 5.59 13.6
3 8.37 20.4

Table I Values for neutron fluence (FN) and gamma flux (F.) versus NF (the exposure
number) for polycarbon capacitors

C[if]

X10

S70 , -"

NF

Fig.4 Polycarbon capacitor value versus n+y fluens/ flux characteristics
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V DISCUSSION

The decrease of polycarbon capacitors capacity when under the radiation of n+'y flux can
be explained by forming of ionized structure inside the dielectric volume. Those structures
influence the partial screening of the electric field in the capacitors. Larger amount of ions
appearing in dielectric causes higher influence of ion type polarization on dielectric constant
of material. This leads to decrease of the capacity [7]. Also, ion pairs by there local field
partially screen external electric field. Still, the change in the capacitance of the capacitors
caused by it is relatively small. Permanent presence of these structures inside the capacitors
dielectric volume can cause leads breakdown voltage decreasing and consequently speed-up
of capacitor aging. The reversibility of these phenomena is a result of recombination
processes inside the capacitors dielectric. This shows that the doses of radiation were not high
enough to cause significant changes in the molecular structure of the dielectric. Since the
cross section of inelastic interaction of neutron component is higher than corresponding y
component [8,9] noticed effect is mostly result of neutron component radiation. We
confirmed this conclusion with using 60Co , sources when we weren't found measurable
changes of capacitors characteristics.

VI CONCLUSION

In this paper the result of examination of radiation resistance of some solid dielectrics
were presented. The influence of n+,y radiation was tested on the polycarbon capacitors and
the influence of y radiation was tested on the liscun capacitors. It was founded that radiation
integral dose levels applied to polycarbon capacitors causing it capacitance decreasing. Also,
polycarbon capacitors lead to more frequent aging processes.

On the other hand we can conclude that 7 radiation in given absorbed dose and dose rate
is too small for capacitors characteristics measurable changes.

At the end we may conclude that n+, radiation from 252Cf is most dangerous for
destruction of capacitors characteristics than y radiation from 60Co. Also, we can conclude
that capacitors with liscun as dielectric have better protective characteristics after the
ionization then the capacitors with polycarbon as solid dielectric.

REFERENCES

[ 1 ]. Z. Markov: Over-voltage protection in electronics and telecomunications, Technical book, 1983
[2] P. Osmokrovi6, M. Stojanovid, B. Lon~ar, N. Kartalovi6, I. Krivokapi6, " Radioactive resistance of
elements for over-voltage protection of low-voltage systems," Nuclear Instruments and Methods in Physics
Research B, article no. 40440, pp. 1-9, dispatch 1I February 1998.
[3] H.C. KOCTIOKOB, H.1-. AHTOHOBa: PagXHa1jHoHHoe MaTepHaJloBegeHHe, ATOMH3gaT, MOCKBa, 1979
[4] (D.A. MHxnHc: PaAHalAouHHa% ýnH3Ka H XHMHq noJiHMepoI3, ATOM1n3gaT, MOCKBa, 1972
[5] Atomic Energy Commission: Guide for Fabricating and Handling 252Cf sources, USA, January 1971.
[6]A. B. Chilton, J. K. Shultis, R. E. Faw: Principles of Radiation Shielding (Prentice- Hall, Inc. New Jersey,
1984)
[7] N. W. Aschroft, N. D. Mermin: Solid State Physics (Holt, Reinhart & Winston, New York, 1976)
[8] V. S. Vavilov, H. A. Ukhin: Radiation Effects in Semiconductors and Semiconductors Devices (Consultants
Bureau, New York, 1977)
[9] G. C. Messenger, M. S. Ash: The Effects of Radiation on Electronic Systems (Van Nostrand Reinhold, New
York, 1992)

-296-



A study of parameters useful
for describing plasma-opening switches

C. W. Mendel. Jr.,t D. B. Seidel, and S. E. Rosenthal
Sandia National Laboratories, Albuquerque, NM 87185

INTRODUCTION
Plasma opening switches (POS) have been used continually and studied since their intro-

duction in 1976.1 During that period they have performed well for prepulse suppression and
sharpening the front of the power pulse. 1 ', Their use for long conduction time and rapid opening
to stand off high voltage in the same POS has met with very limited success. There has been a
large theoretical effort involving models and particle-in-cell simulations (PICS), but the con-
nection between theory and experiment has been tenuous at best, and convincing agreement
with experiment has been minimal.

The authors believe progress toward long conduction and rapid opening would be faster if
macroscopic physical parameters describing the physics of the switch were used to compare ex-
periment to simulation. One of these parameters (electron flow impedance 3'4) has been used to
describe the electrical characteristics of the POS. This parameter provides a good description of
both the standard POS (SPOS) and the magnetically controlled POS (MCPOS) because its value
is sensibly independent of load current. An additional parameter, the effective mass of the plas-
ma, was measured in one MCPOS experiment. 3 In this article we will describe other parameters
important to operation of the SPOS and the MCPOS, and parameters important in designing
PICS used to study these devices.

EFFECTIVE GAP AND FLOW IMPEDANCE

Metal surfaces in devices of interest are space-charge-limited electron emitters. Therefore
the only electric field on the boundaries are at anode surfaces. The net charge on such surfaces
is small compared to the plasma electron or ion charge in any POS. A POS plasma is always
quasi-neutral on the global scale. It will be shown later that large voltage drops must occur
across sheaths in regions that are not quasi-neutral, where the electron density is small com-
pared the bulk of the plasma. Electrons flow in a direction normal to the electric field, and ions
flow along the electric field in these sheaths.

We define effective sheath thicknesses for these sheaths. Consider sheaths with only elec-
trons for the moment, and define the effective gap, ge, as the ratio of the voltage across the
sheath to the electric field at the anode surface. Using pressure balance across the current sheet,
and reylacing magnetic field by current, I and electric field by charge per unit length, Q, we2 (~2 2 2 2= C2 2 2= (I 2V27 2
get (Ia -Ic )(1+P 2)c2 Qa= c [2cre V/ge] ( -I+P)VIZf where the subscripts refer to values
at the anode and cathode and Zf the flow impedance. P is the pitch of the magnetic field, i.e.
P=Bz/Bo. For the SPOS, P is zero. We will neglect the difference between the radii of the anode
and cathode electrodes, and use the cathode radius, re for both. The flow impedance is equal to
the TEM wave impedance for a transmission line with radius rc and gap ge, so effective gap and
flow impedance are alternative measures of the same effect.4 For electrical measurements flow
impedance is more convenient.

Using pressure balance across a sheath with only ions, and defining the effective gap by
ge=V/Ec, Ii = LtrcLe[qirL2/(2m l/2 v3/2 /g 2 where Le is the length of the plasma, or an ef-

fective length if the gap is a function of axial position. In this case we use the same symbol, ge,
as the electron case because we will see that they have the same value. Because electron current
is normal to the electric field, it flows along equipotentials. Thus there is a function f(N/V) such

*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the

United States Department of Energy under Contract DE-AC04-94AL85000
tCove Consulting, Albuquerque, NM 87110
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that I2=Ic 2+(Ia2-Ic 2)f(O/V) where f(0)--0 and f(l)= 1. Again using pressure balance
(1 2 _ 1 2M+ p 2(2 Trc) 2Ji([2miVll/2 [2mi(V 4)11/2 C 2Q2

o - J-q q j :

Using Q=0, I=Ia and O=V at the anode side of the sheath shows that the values of ge defined
by ion and electron flow above, are equivalent. Replacing I by f(OfV) with the above expression,JIO 1)1/2 -/

this can be integrated to get g/g. = Zv/Zf = [ 91 - (1 - f (l))]-/2dil where g is

the actual gap between the radii where Q (and E) are zero. If gap varies with axial position, then

g is the minimum gap, and the effective length is given by Le = g2fg-2(z)dz integrated over

the length of the plasma.
The equivalence of these gaps was tested

using PICS where the plasma was modeled as ge (cm)
a conducting block with ion emission at its 0 1 2 3 4 5
surface (Fig. 1 inset). The load was an electron 14 .
diode. The POS gap and the load gap were var- 12
ied between PICS. Protons were used to in- 1 _
crease the ion current relative to the electron .
current. Figure 1 shows a plot of effective gap 3
measured with ion current plotted versus that 62
measured with electron current. The gap is
shown both as a distance and as an impedance. 2
There are three POS gaps at three load gaps 0 .. o
represented in the plot. The bars on the points 0 2 4 6 8 10 12 14

represent the spatial noise in the data. The Ze (a)

point with the large variation came from a sim- Figure 1. Ion effective gap plotted versus electron ef-
ulation where the electron flow broke into vor- fective gap. All of these gaps are 0.6 of the actual gap.
tices. The data fall on a line of slope one as
expected. In all cases the flow impedance is 0.6 times the vacuum impedance of the POS gap.

We conclude that only one parameter is needed to model both electron and ion current in a
circuit model of a POS if the ion species is known. The flow impedance needs to be an appre-
ciable fraction of the vacuum impedance (i.e. the effective gap needs to be an appreciable frac-
tion of the actual gap) for efficient power transfer to a load.

VOLTAGE-AVERAGED ELECTRON CHARGE DENSITY IN A CURRENT SHEET
Due to the small mass of the electrons, the rate of change of momentum of the electron cloud

is small when compared to the electric and the magnetic force on the cloud over most of the
POS. The exceptions to this are generally in regions near the electrodes where electrons are

emitted or lost. Using pe=nee and pi=niqi, -Pet + I X ft = d(mepet/e)/dt = 0 where we ne-
glect the contribution of ion flow to the current. Using Ampere's law and neglecting displace-

ment current, Pet = -VB 2 /(2g,) where we neglect curvature of field lines in comparison to

the thinness of current sheets. This expression has been used in several forms5'6'4 in areas of
plasma physics and magnetically-insulated electron flow. It is valid in non-neutral and quasi-
neutral plasmas. Integrating from cathode to anode along a path through the plasma and avoid-

ing regions where electrons are emitted or lost, (I + P 2)(I- _12) =2(21tr)2 (pe)V/go or

(Pe) = Ito(1 + p2)v/[2(2 rc) 2Z1] =coV/[2ge] . <p> is voltage-averaged charge density,
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i.e., the field-weighted average of Pe' (Pe) = rPed4/V - fPe" d•/V - P /E

Because of the high charge density of a POS
plasma, wy can write (Peg 2)/(2o) >> V so 1.0o

(Pe) << Peg /ge. Thus when the POS is open (so -----

ge is comparable to g) the electron charge density 0.8 . "
in the current sheet must be small compared to that --- .

in the plasma for efficient power transfer to the •>.6
load. /0

Figure 2 is a plot of electron charge density, E0 / 8'

ion charge density, and potential versus radius for 6o.4

a PIC simulation of an open MCPOS with an ex-
ternally-applied slow magnetic field and a fast- 0.2/

coil-driven magnetic field. It is seen that the
charge density is low where the potential is chang- -.-

ing rapidly as predicted. Using the expression 28 29 30 31 32

above for <p>, with V=0.65 MV, Zf=3.0 0, and r (cm)

P=1.77 taken from the simulation data, we get Figure 2. Pe, pi, and 0 plotted versus radius for an
<p>=0.063 C/m 2, which is also shown in Fig. 2. open MCPOS. Notice that in the region of strong
Clearly the value is calculated correctly, since it electric field that Pe =<Pe>

agrees with Pe where the electric field is large.
This can be used to get the electron charge density in the sheath of an experimental POS.

IMPORTANT PARAMETERS FOR PIC SIMULATIONS
It is impractical to model POS using PICS with experimental densities and conduction

times. Moreover, it is desirable to run many simulations with run times of no more than a few
hours, which requires plasma parameters to be even further from experimental values. When a
magnetic field pushes on a POS plasma, the electron density in the current sheet is roughly the
same as the plasma electron density, so there is a voltage drop5,6 of about 1tola 2/[2(21trc) pp]
This value is of order of kilovolts in experiments, and should be small compared to mc2/e=571
KV in a simulation, or else the current sheet will not be quasi-neutral as it is in an experiment,
and the cathode sheath will not form properly.

The current sheet in the plasma will be c/cope thick, so the simulation's spatial cell size, 8,
must be smaller than this value. In addition, numerical heating will give an artificial thermal ve-
locity of COpe& The plasma pressure due to this "numerical heat" must be small in comparison
to the magnetic pressure, thus Ia/(2rtrcPpc) - Snh >> 8. This criterion is more stringent than the
first for a POS plasma. For a group of 25 simulations, when 8/8nh<0.5 the error in energy con-
servation was <5%, when N/•nh- 1 the error was -10%, and when 8/Snh- 3 the error was -50%.

MAGNETIC VELOCITY AND ELECTRON REPLACEMENT VELOCITY
The sub-microsecond time scale of POS is too short for momentum transfer between the ion

cloud and the electron cloud by collisions or turbulence. Because of this there can be no appre-
ciable magnetic field penetration of the plasma electron cloud. However, if electrons are re-
placed by emitted electrons, momentum is transferred to the electrodes and flux penetrates the
ion cloud. The original plasma electrons are replaced by electrons emitted from the cathode in
regions of high magnetic field. This occurs if there is an azimuthal magnetic field since the cur-
rent will involve cathode emission, as is always the case for a POS. If there is a radial and axial
field, as in the MCPOS, the transfer of angular momentum to the anode necessary for these
fields to penetrate involves the radial current as a mechanism to carry the electrons with their
angular momentum to the anode.

Consider the simple case of a radial washer of current replacing the electrons in the plasma
with emitted electrons. The plasma electrons, of charge density pp, are in a region of zero mag-
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netic field ahead of the washer. As the washer moves through the plasma these electrons are lost,
and replaced by a like charge of emitted electrons. If the current through the POS is I, and the
current of plasma electrons to the anode is Ip, then the washer moves through the plasma with
a velocity u given by 21rrcP gu=l and the remainder of the current to the anode is in emitted
electrons with current I-I -lWis can be rewritten as U=UrlpII where ur=I/2nrcppg is the maximum
possible replacement velocity.

The plasma behind the washer (consisting of ions and emitted electrons) is moving with a
velocity v due to the impulse of the magnetic field. From electron charge conservation
ppu=Pe(u-v) where Pe is the electron density behind the washer. Using momentum balance,

21/

uv=vm where vm=(Ioqi/2ppmi) /2I/2nrrc. The change in velocity of the ions is due to a potential

drop, (uv-v 2/2)mi/qi, across the washer. If u=vm, then also v=vm, and the ions reside in a zero-

thickness layer. ur is the velocity sometimes called the "Hall penetration velocity7,'" but is de-
rived here from charge conservation without the reference to the Hall current term.

Although this model has assumed a radial
current sheet and azimuthal magnetic field, the 18
magnetic velocity, vm, could include fields due
to other currents. The actual replacement ve-
locity, u, is not known because the ratio lp/I is 16

not known, but the maximum value, ur, is
known, and u should be comparable. Figure 3 W4
shows a measured value of u from a PIC simu- 14N

lation of a SPOS. The current sheet is not radial
at all radii, but does tend to move uniformly in 12

12-
the z direction. For this case ur=0.5 3 cm/ns and
u= 0.40 cm/ns (Fig. 3). From the current,
vm=0.0 5 3 cmrns we can calculate the plasma 10 ..............
velocity v=0.0070 cm/ns behind the current 2 4 6 8 10 12 14 16
sheet. The voltage drop across the current sheet t (ns)
should be 35 KV, which agrees with the simu- Figure 3. Axial penetration of magnetic field into a
lation. SPOS versus time. The slope is 0.4 cm/ns compared

The velocity parameters ur and vm, and the to the maximum replacement velocity of 0.53 cm/ns.

relationship between them, are important in
how a POS behaves. It is important to preserve the relationship in scaling a PICS of a POS. If
the replacement velocity is appreciably faster than the magnetic velocity, the magnetic field will
penetrate the ion cloud, and will not be able to move it to generate the low-density sheath needed
for efficient operation. Erosion of ions by the electric field will still occur, but if the density is
high enough to keep the plasma in place for long conduction time the POS will not open rapidly.

In the case of an MCPOS the replacement velocity must be smaller than the magnetic ve-
locity when the control magnetic field (due to the fast coil) is energized to be confident that the
fast field will not be able to penetrate the ion cloud.
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ECTON PROCESSES IN PULSED HIGH-CURRENT ELECTRON
BEAMS

G.A. Mesyats

Institute of Electrophysics, Russian Academy of Sciences
34 Komsomolskaya St., Ekaterinburg 620049, Russia

Pulsed high-current electron beams are known to be produced by initiating explosive
electron emission. This type of emission takes place when an energy exeeding the sublimation
energy of the cathode material has been concentrated in a cathode microvolume within a short
time. The overheating of the material in the microvolume leads to a microexplosion followed by
thermal electron emission giving rise to a bunch of electrons, which we have named an ecton.
Each ecton contains 1011_1012 electrons. The enerpy responsible for the appearance of an ecton
approximates 10.8 J. The ecton lifetime is 10"-10- s for many metals. The interrupted character
of explosive electron emission is accounted for by the self-cooling of the emission zone due to
heat conduction and a decrease in current density. Ectons can be detected by passing the current
of explosive electron emission through a small hole of radius << 1 mm made in the anode. In
doing this, the total explosive emission current, which generally increases gradually, changes to
a current showing a great number of spontaneous bursts of duration < 10.s s. Investigations of
the ion erosion of cathodes, the ejection of drops, the electron beams produced, etc. have
allowed a comprehensive study of the properties of ectons.

Thus, we have demonstrated that a high-current electron beam produced through
explosive electron emission consists of a great number of short-living microbeams and ectons.
The ecton structure of this type of beam may affect its Iroperties, namely, the current density
distribution over the beam cross section, the uniformity of the electron emission from the
cathode, the temporal uniformity of the beam, etc.
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COMPACT PULSE «COLD CATHODE>> FLASH X-RAY TUBE POWER
SUPPLY UNIT WITH SOLID-STATE OPENING SWITCH.

A. Dunaevsky*, K. Golubinsky, A. Lomako, 0. Morgun

LRMTLtd., P.O.B. 3025, Kharkov 310145, Ukraine
*Department of Physics, Technion, Haifa 32000, Israel

INTRODUCTION

From early 70s x-ray compact pulse x-ray generators (PXG) with «cold cathode>> x-ray
tubes (CCXT) could be found in various industry and science applications. A lot of
advantages such as small size and weight, low power, reliability made them very competitive
with classic x-ray generators especially in defectoscopy, scientific research work and many
other applications.

At present a lot of pulse generators
in commercially available PXG follow

SW T G the 30-year classic scheme that is shown
in Fig. 1 [1]. This scheme consist of
primary capacitive energy storage C,
which is charged from external source of

S2different kind, fast switch SW, pulseC C2 transformer T, second charging capacitor

C2, two-electrode gas spark gap G and x-
ray tube CCXT. When switch SW turns
on, capacitor C discharges through

Figure 1. primary winding of the transformer T.
Second winding of T charges the

capacitor C2 until switch G connects C2 to the tube CCXT. High raise time of this-type formed
high voltage pulse lead to intense explosive plasma formation and CCXT <«turns on)>. Usually,
duration of x-ray pulse not exceeds 50 ns and is determined by anode-cathode gap shortening
by anode and cathode plasmas.

Some essential characteristics of described feeding scheme prevent it from being used in
wider spectrum of applications and especially in x-ray medical imaging. They are:

1) High-voltage pulse stability and exposition dose and maximum x-ray quantum energy is
determined by G breakthrough voltage instability, which is not better than 20 %. This
energy variation could not be applied in medicine, because the energy had to be controlled
within (at last) 10 % interval.

2) X-ray energy controlling is a big problem.
3) Focal spot size of CCXT is large enough ( > 2 mm), and this put some restrictions on

patient-source distances for most resolution-demanding applications.

In this paper we will describe developed PXG with CCXT which is almost free from
described problems.
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PRINCIPLES OF OPERATION

High voltage pulse in our generator
-is produced by Semiconductor Opening
Switch (SOS) implementation in inductive
energy storage circuit. Idea of current flow

L I pump breaking is widely used in high-power
technique, where Plasma Opening
Switches opened a new page in power
transitions [2], [3]. A lot of investigationsT C carried out in the field of pulsed power
solid-state opening switches both specially

Figure 2 controlled [4] and based on commercial
high-voltage diodes [5]..

To investigate the behaviors of commercially available high-voltage diodes when
implemented as SOS we studied a number of fUSSR-manufactured high-voltage diodes with
breakdown voltage more than 5 kV. Testing circuit is presented on Figure 2. By means of
changing U, L and C we collect a set of data, which allow us to make some conclusions:
1. Reverse conductivity phase (Tl~v in Figure 3) duration is independent on pump current

and pump period and is determined by junction manufacturing process.
2. At some conditions SOS could be safely overloaded by direct current with a factor of up to

100.
3. When SOS opens it could be safely overloaded by reverse voltage with a factor up to 10,

due to complete charge carriers removing from junctions and thus total back current
suppression.

4. SOS opening time is much less than recovery time for all types of tested diodes.
5. No parameters changing were found after 105 shorts in repetition rate of 0.2 Hz.
6. High voltage instability (for constant SOS operational temperature) is determined by

primary capacitor voltage instability.

Described SOS with commercial high-voltage diodes could be used in PXG with usual
CXT. In Table 1 one can see exact components specification for PXG with commercial CCXT
IMA6D from Svetlana-Rentgen, Russia. To prevent CCXT electrode destruction due to
anode-cathode gap shortening, a pulse duration limiting capacitor (KVI-2, 15 pFx2OkV) was
inserted in serial with IMA6D.

Table 1

U 25 - 31.5 kV
C 2 x K15-25, 3300 pF x 40 kV
L Ferrite 700HM, 2 x 13 loops
SOS 14 x KUI08B (7 serial x 2 parallel)
Pump period 1 MHz
SOS maximum pump current 200 A (Imx for KI_108B - 1 A)
SOS opening current 130 A
CCXT current duration, FWHH 50-60 ns
p-i-n detector signal duration, FWHH 30 ns
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Careful selection of timings provides submillimeter focal spot size operational mode [6]
for CCXT IMA6D, which allow adjusting the x-ray energy.Moreover, developed PXG could
be used with other types of commercial PXG. For example, we test it with IMAI50D 150 kV
CCXT. Stable tube ignition was registered, pulse transferred energy was about 80 % of
standard ignition scheme.

APPLICATIONS

I pump Developed PXG was implemented in Digital
Dental Diagnostic System DIRA, which uses a CCD-

RE._ based area x-ray sensor. DIRA operational
parameters are presented in Table 2. In Fig. 4 are
shown some samples of digital x-ray images for
extracted teeth. In Fig. 5 the digital picture of spatial
resolution test pattern is shown. Achieved level (4.6
lp/mm) of spatial resolution satisfies to demands of

_ _ _ dental radiography.
t Special W95 software provides PXG and

sensor control, data acquisition, image treatment and
UA database services. ISA interface card provides DMA

bi-directional data transactions. The software carries
out all DIRA control.

CCD sensor area is 17x19 mm. For x-ray -
optical conversion we use a thin (240 jim) layer of
Y20 2S-Eu phosphorus. Light collects by means of
fiber plate mounted directly onto CCD photoarray.
Sensor is hermetically sealed, has a 9 mm thickness
and could be used for intraoral applications.

Figure 3.

Figure 4. Figure 5.
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Table 2

Size 300x150x300 mm
Weight ( including transformer oil) 4.5 kg
X-ray flash energy 55 - 75 kV, PC controlled
X-ray flash duration 30 ns
X-ray flash stability better than 10 %
X-ray flash spot size < 0.2 mm
Exposition dose per pulse at 6 sm. with inherent filtration only 10 mR @ 65 kV
Control interface PC-based software

We suppose that the first description of abnormally high light yield of x-ray phosphorus
under exposure by short powerful x-ray flashes was made in [7] by L.S. Birks and colleagues.
Due to this effect DIRA is capable to produce digital pictures with clinically acceptable
contrast resolution at doses which are determined by x-ray quantum fluctuations. For example,
images at Fig. 4 require only about 3 mR (measured by ionization chamber and TLD
detectors).

Pulse x-ray generator and Digital Dental Diagnostic System described in the report are
protected by Russian and Ukrainian patents, priorities N94017323/14(017085) and N21390A
respectively.
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Abstract: We report results from the first series of POS experiments using an "Inverse Pinch" gas
plasma source on the Hawk generator with a short circuit load. Our results showed that under certain
conditions a hydrogen plasma filled switch resulted in significantly higher POS voltages and faster
load current rise times than other types of IP produced plasmas, or cable guns. This situation existed
only for the case where the initial plasma density was radially uniform. For Ar plasmas, the conducted
current scaled with the injected mass according to MMD theory if the average charge state was +2,
while for the H plasmas MIZ=6 was needed to reach agreement with theory. The H result can be
reconciled if, the additional electrons that we detected during the conduction phase, originated from
secondary plasma with M/Z= 12.5. We also found with the IP source that, during opening, the electron
density in a large radial region (Ž1 cm) was below the sensitivity limit of the interferometer.

I. INTRODUCTION

The POS is the key component of an inductive storage, pulse compression technique.
Plasma sources commonly used for ýts conduction time POSs, such as cable guns or
flashboards, produce plasmas dominated by carbon or carbon/fluorine ions, with 6-14
amu/electron.[1] Typically, an array of these sources are arranged around the outside of the
outer conductor, usually the anode, and injected into the switch gap through a semi-
transparent structure. Although the POS has been successful from the standpoint of achieving
significant power gain factors, data from a number of experiments have indicated that the
inferred magnetically insulated switch gap, which is proportional to the load voltage, was
only a few millimeters while the physical dimensions of the transmission line are generally an
order of magnitude larger.[2,3] Based on these experiments, it would seem reasonable to
assert the POS could be dramatically improved if this gap can be increased to a larger fraction
of the transmission line. Experiments conducted on the Double generator (250 kA, 850 ns
quarter period) indicated that the composition of the fill plasma had a significant impact on
POS characteristics, in particular the size of the inferred gap.[4] These experiments showed
that using hydrogen based plasmas increased the switch voltage and impedance by factors of
1.5-2. The plasma for these experiments was injected into the cylindrical POS using an array
of 4 coaxial gas plasma guns. Subsequent attempts to reproduce these results, on the higher
current Hawk generator using similar plasma sources, was unsuccessful. [5]

II. THE EXPERIMENT

The "inverse pinch" (IP) plasma source,[6] is the inverse of a conventional gas puff z-
pinch that produces a radially expanding plasma ring. The source is operated by firing a
pulsed gas valve 'and, after an appropriate time delay (350-700 gis), current is supplied by a 20
kV, 7.4 g.F capacitor bank. This results in the electrical breakdown of the gas in the form of a
current carrying shell that is forced radially outward by magnetic pressure. The ejected
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FIG. 1. The IP Plasma source mounted inside the Hawk cathode.

plasma is best characterized as a discrete ring that expands radially with essentially no plasma
in its wake. As shown in FIG. 1, the source was mounted inside the center conductor on the
Hawk[2] (720 kA, 1.3 gs quarter period) generator at NRL configured with a 6.33 cm radius
inner conductor (cathode), an 8.57 cm radius outer conductor, and a short circuit load located
33 cm downstream from the center of the POS. An 86% transparent cathode with 18 equally
spaced windows, 5 cm long, allowed the plasma from the IP to enter the inter-electrode
region. Machine diagnostics included various current probes and an axial line-of-sight, 8
channel, He-Ne heterodyne interferometer. Each channel sampled the plasma at a different
radial position over the range from r=6.5 cm to r=8.5 cm with equally spaced intervals. As a
result the temporal evolution of the radial density profile, as well as the total electron
inventory, could be measured on each shot. Experiments were performed using various gases
(H2, Ne, Ar, Air) as well as cable guns for comparison.

MI. EXPERIMENTAL OBSERVATIONS

FIG. 2 shows the average electron density vs. radius in the POS gap at various times
after the start of current flow in the IP when H2 gas was used. This figure demonstrates control
of the initial plasma distribution using the delay between discharging the source and the
generator; where it is possible to have both positive and negative initial density gradients, and
a uniform distribution. Qualitatively similar results were obtained with the other gases at
different delay times. The distributions shown in FIG. 2 result from the fact that the source
produced a discrete, expanding plasma ring that redistributes its plasma in the POS gap over
the times indicated. The long delay time shown (3.5 ps) has the interesting property that it is
radially uniform and relatively static on the time scale of the POS.

Data from a total of 71 POS shots were recorded with the inverse pinch source and 8
with a cable gun array. Of this total, 18 shots used a hydrogen plasma and 24 an Ar plasma.
We observed that for the IP/H2 shots with long delays (uniform distribution), the load current
rise times were significantly faster and POS voltages significantly higher than shots with any
other source or those IP/H2 shots with shorter delays. FIG. 3 illustrates this point with a plot
showing the peak voltage at the POS (z=0) vs. the conduction time for IP/H2 shots with
various initial distributions, and cable gun shots. All the shots with the initially uniform
distributions (with one exception) are well above voltages corresponding to cable gun shots or
1P3/H 2 shots with nonuniform initial distributions.

Using the inverse pinch source with 8-channel interferometry also gave us the ability to
investigate how the conducted current scaled with the injected mass. FIG. 4 shows the data
from a series of IP/H2 and IP/Ar shots where the conducted current is plotted as a function of
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FIG. 2. Radial density profiles obtained at various FIG. 3. Peak POS voltage for cable gun shots and
times after the firing the plasma source. IP/H2 shots for various initial plasma distributions.

the radially averaged electron density. We only used shots were the delay times were long
enough produce radially uniform plasma fills. For the Ar shots, with one exception, only one
channel of interferometry was available, so uniformity had to be assumed. A series of solid
lines are also plotted that corresponding to the predicted relationship via a simple MHD
scaling theory for various ratios of the ion mass-to-charge ratio (M/Z).[7] The IP/Ar data fits
the MHD theory for M/Z=20, which would imply an average ionization state of +2, and the
IP/H2 data fits the theory for MIZ=6.

Perhaps the most compelling result was the observation of large radial density "gaps"
that appeared on the IP/-I shots coincident with the time of opening and persisting for
hundreds of ns after opening. FIG. 5 shows the average electron density vs. radius for an
IP/H, shot at several times of interest before, during and after opening. In this case we see
that, at opening and just after opening, 4 of the 8 channels (1 cm) show densities below the
sensitivity limit of the interferometer. This result is typical of all of the long delay time IP/H2
shots obtained during the experimental run with some showing even larger gaps of 1.5 cm.

800 8 • .. . . . . ... . • i • ,
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,load current onset

load curcurety riseo6 *D P/1at =0.9 Psd
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FIG. 4. A plot of the conducted current vs. the FIG. 5. The average electron density vs. radius at various
average electron density for IP/H2 and IP/Ar shots, times during the conduction and opening phases of the
The solid lines are results from calculation based P0S. This plot shows a 1 cm gap where densities are
MHD theory for various ratios of MIZ. are below the resolution limit during opening.
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HI. DISCUSSION

These results raise a number of interesting questions with regard to POS physics issues
and indicate a potential for improving POS parameters using a light ion based plasma. The
fact that switch voltages were significantly higher with a H plasma makes it tempting to
conclude that a plasma dominated by low mass ions will improve the switch characteristics.
While this may be true, it is also a gross simplification because we found that the state of the
initial plasma may play an equally important role (see FIG. 3). It should be emphasized that,
because the IP ejects a discrete plasma ring, changes in the source delay time redistribute the
same quantity of plasma in the POS. While the radial density profiles become uniform for the
long delays, other plasma properties, such as the symmetry and radial velocity, may also
change. The sensitivity that we observed with regard to the initial plasma may explain the
discrepancy between the results from Double and the later attempts to reproduce those results.

The scaling of the conducted current with the injected plasma mass, in particular the
IP/H2 data shown in FIG. 4, raises the issue of influence of secondary plasma formation
during the conduction phase. If a pure, fully ionized, hydrogen plasma is assumed to exist
prior to the start of the generator current, then there is not enough plasma mass to account for
the observed conduction. The mass in the POS gap may be higher than one calculates under
the above assumption if neutral gas exists in the POS gap prior to the discharge of the
generator, or secondary plasma is formed via generator induced heating of the electrode
surfaces (aluminum). There is evidence that one, or both, of these processes occurred as we
measured an increase in the electron inventory by 40% during the conduction phase of IP/H2
shots. If these additional electrons are formed from secondary plasma with an average
M/Z=12.5, then the data would agree with MHD scaling with the tacit conclusion that
impurities play an important role the in conduction phase. It is conceivable that an ionized
mixture of common vacuum system adsorbates (H20,CH4,CO) and aluminum can account for
this additional mass.

Perhaps the most significant result with regard to improvements in the POS is the
observation of large areas where the electron density falls below the sensitivity limit of the
interferometer (FIG. 5). This type of behavior has not been observed with other plasma
sources.[3] If this region evolves into a magnetically insulated vacuum gap, then we would
expect higher voltages/power coupling into diode loads then is presently achieved in POSs.
Additional experiments are underway to investigate this issue.

This work was sponsored by the Defense Special Weapons Agency.
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ABSTRACT

The evolution of the plasma in a high density, long conduction time POS can have a
substantial effect on the performance of the switch. The motion of the plasma and its
dependence on the geometry of the initial injection region and of the downstream vacuum
feed influences not only the opening characteristics of the POS but also the timing of its
interaction with the load.

Two dimensional MHD-Hall calculations have been performed to determine the evolution
of the POS plasma in the coaxial geometry of ACE 4 and of HAWK. The computations
utilize initial conditions provided by interferometric diagnostics. Results of the calculations
show the plasma densities, velocities, positions and other plasma parameters through and
beyond the conduction phase following excitation by megampere level currents. The results
for density are compared with measurements taken using axial and chordal interferometry;
the latter probing regions that are downstream of the POS.

INTRODUCTION

The physical mechanisms underlying the operation of a long conduction time (about one
microsecond) plasma opening switches (POS) have been the object of intensive research over
the last decade["2 '3'1 Although the physics of the conduction phase is not completely
understood, experiments point to the importance of plasma mass redistribution during con-
duction in establishing low density regions between cathode and anode that are required for
the development of POS impedance and switchout of currentt4' 51. Magnetohydrodynamic
forces play a dominant role in redistributing and thinning the plasma. A complete and
accurate description of the plasma evolution through the conduction phase of the POS would
require accounting for ionization produced by the conducted current and for the influence of
the electron-Hall electric fields. The importance of the Hall field in redistribution of plasma
and the development of the low densities required to achieve a high POS impedance is
presently uncertain. The Hall effect, expected to operate during current switchout to produce
impedance in the POS, though understood at the conceptual level, presents severe computa-
tional challenges, even in quasineutral single-fluid codes where effects of charge separation
are neglected.

Below we briefly describe the one-fluid DELTA code and present results from its appli-
cation to the evolution of POS plasmas in the Ace 4 and Hawk accelerators. The results are
compared with electron densities measured by interferometric techniques. The calculations
are performed both with and without the Hall effect. Potential pitfalls associated with the
computational methodology are discussed.
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THE DELTA CODE

The DELTA algorithm approximates the motion of a compressible, magnetized fluid
using finite volume (FV) approximations to the equations of motion on an unstructured
triangular mesh in planar or axisymmetric geometry. The equations are integrated over a
domain subdivided into a finite number of triangular fluid elements and conservative
difference approximations are constructed to the equations of motion over these regions. The
equations are formulated in an arbitrary moving reference frame which may be held fixed in
space (Eulerian), move with the local fluid velocity (Langrangian), or move with any
prescribed velocity. The advection algorithm, FRAM[61, maintains monotonicity in the
vicinity of steep gradients by switching between high order (central difference) and low order
(upwind) schemes.

In the construction of the FV equations for the fluid motion all material properties are
considered constant over a fluid element and approximations to the equations are constructed
using integrals over the elements. All vector fields are centered at the vertices and scalar
fields at the centers of mass of the elements. The control volume used for construction of the
difference analog of the momentum equation is constructed by joining the mass centers of
each element surrounding a given vertex with the midpoints of the sides. This construction
associates one-third of the mass of each triangle of revolution with each of its vertices. The
time differencing for the fluid equations is explicit.

The Galerkin finite element technique is used to solve the equations for the magnetic
field. These equations consist of Ampere's law without displacement current, Faradays's
law, and Ohm's law in the form E= rj + jxB/nec - VxB/c where ii is the resistivity, n the
electron density, J the current density, B the magnetic field, E the electric field, V the fluid
velocity, c the speed of light, and e the magnitude of the electronic charge. All terms con-
taining B in the resulting Galerkin normal equations are differenced fully implicitly in time.
The nonlinear equations associated with implicit time differencing are solved by an inexact
Newton-Krylov method with backtracking globalizationL71.

APPLICATIONS TO HAWK AND ACE 4

The code is applied in Eulerian mode to the calculation of plasma evolution in the axi-
symmetric regions of Ace 4 and Hawk. The region of Ace 4 downstream of the initial POS
that is probed by the interferometric chordal lines of sight is indicated in Figure 1. The cal-
culations are performed on a fixed r-z triangular mesh consisting of approximately 20,000
triangular elements. The physics contained in the calculations include Spitzer resistivity and
a y= 5/3 law gas equation of state. Equations describing electron impact processes are con-
tained in the code, but have not been included in the computations reported here.

To apply a one-fluid code in Eulerian mode requires the entire computational domain be
filled with plasma at some density, even though large portions of the domain contain only
vacuum. In these calculations vacuum is represented by a low density, high resistivity
plasma in which hydro motion and the Hall effect are suppressed. Any cell is considered a
vacuum cell whenever the density there falls below a minimum particle density
Nmm=l.Oel3/cc. In such cells the resistivity is taken to be 2.0e-8esu, a value sufficiently large
to allow rapid diffusion of magnetic field through "vacuum" regions and to prevent shorting
of the switch through vacuum. Obviously, computed results can be reliable only so long as
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POS densities remain well above Nmin; otherwise the POS plasma impedance becomes con-
trolled by the artificial vacuum resistivity.

Figure 1 is a color graphic representation of the plasma density (carbon) computed with
Hall "off' at times ranging from the onset of current into the POS (t=0) to beyond the
nominal end of the conduction phase (t=1 150 ns ), when a substantial portion of the plasma
has been pushed into the 100 nH inductive load. The strong tendency toward reduced density
in the snowplowed plasma is evident at 1150 ns. Figures 2 and 3 permit comparison between
calculated and measured results. The timing agrees, but of perhaps greater significance is
that both indicate the passage of a plasma shell followed by a tail of slower moving plasma.
The measurements suggest that the shell is thicker and that the slower moving plasma is
relatively more pronounced than the calculations indicate.

Figures 4 and 5 compare computed and measured axial line densities of an argon POS in
the Hawk configuration[5' utilizing an inverse pinch plasma source. The increase in measured
line density at 0.25 .ts along several lines of sight is not captured in the calculations,
presumably because the computational model does not incorporate an ionization model.
Even then, comparison of theory and experiment would be problematical since the measure-
ments establish only the line integrated electron density, but neither the mass density nor
ionization state, as an initial condition.

Calculations have also been performed with the Hall effect, but here the computational
methodology is inadequate. The reasons for this are not fully understood, but the density
evolution (not shown) indicates that a significant part of the problem rests with our treatment
of vacuum. By about 600 ns the "vacuum" on the Marx side of the main plasma channel has
been bridged by plasma with densities a few times Nmi, which perforce is highly conductive.
Further increases of current and magnetic pressure are not felt by the main plasma,
diminishing the tendency of the field to accelerate and further thin the POS plasma. This
assertion is confirmed by the calculated magnetic field profiles (not shown here). The root
cause for this clearly unphysical behavior, not apparent in the calculations without the Hall
effect, is not clear. What is clear is that the fluid calculations of POS evolution with Hall
effect, and for that matter without Hall effect, are candidates for use of automatic mesh
refinement techniques.
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NEW SCHEME OF TWO BEAM ACCELERATOR DRIVER BASED ON
LINEAR INDUCTION ACCELERATOR
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INTRODUCTION

The Two Beam Accelerator (TBA) drivers based on a linear induction accelerator
(LIA) were discussed in [1], [2], [3], [4]. In these schemes the driver electron beam moves
through alternating discrete row of microwave generators (free electron lasers (FEL),
relativistic klystrons, etc.) and reaccelerator sections. The microwave power is totally
extracted from the driver after every generation section. The continuous microwave power
extraction along the whole driver length was designed in CLIC [5]. The beam dynamics in
TBA with continuous microwave power extraction was studied in [6].

A new scheme of TBA driver based on a linear induction accelerator was suggested
in [7]. The scheme is quite uniform and has the following characteristic properties: a) the
electron beam bunching occurs at a rather low initial energy; b) the bunched beam is
accelerated in the accompanying of the microwave that provides the steady longitudinal
beam bunching along the whole driver; c) there is no total microwave power extraction
anywhere in the driver; d) a waveguide is used along the driver.

The driver consists of an injector, buncher and long (a few hundreds of meters) row
of separate LIA sections producing the external accelerating electric field and partitioned
by transition chambers. The injector produces the initial electron beam with energy 1
through 2 MeV and current 0.5 through 1 kA. For beam bunching a travelling wave tube
(TWT) working in the amplification mode may be used. Then the electron bunches
continue moving in the LIA in accompaniment of the amplified in the TWT microwave
and are accelerated in the LIA electric field. The microwave power extraction from the
driver occurs only in the transition chambers. The system attains the steady state at first
few tens of meters where the bunch energy increases up to the level of - 10 MeV. Then
the spacial region of quasi-stationary microwave generation begins where the total power,
that the accelerating field inserts into the beam, transforms into the microwave power. The
scheme provides the microwave phase and amplitude stability. The phase stability can be
obtained at the expense of quasi-continuity of the system. Due to the bunched beam
acceleration it is not necessary to have a high (- 10 MeV) initial electron beam energy.

SIMULATION OF ACCELERATION OF ELECTRON BUNCHES ACCOMPANIED
BY ELECTROMAGNETIC WAVE IN EXTERNAL ELECTRIC FIELD

We have three characteristic regions of the driver: 1) the bunching region with
using of TWT and without acceleration, 2) transition region with a beam acceleration, and
3) quasi-stationary beam propagation region.
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As it was shown in [8], one can obtain the electron beam bunching in a TWT at a
rather short length - 50 cm. for example for the following electron beam and E01 type
microwave parameters: electron beam energy - 2.2 MeV, electron current inside TWT Ib

-500 A, electron beam radius - 0.5cm, microwave frequency f0 =. 17*109 Hz (A ,-1.76 cm),

initial microwave power in TWT -10 kW, output microwave power in TWT at the
acceleration region entrance - 13 MW.

Without accompanying microwave, the debunching process will immediately occur
at the distance of few tens of centimeters from the buncher output. The simulation showed
that the electron bunches can be transported through the distance -10 m if the bunch
movement is accompanied by the microwave amplified in the TWT. The most encouraging
situation is that when the moving after the TWT output bunches are simultaneously
accompanied by a part of the amplified microwave and accelerated in the external electric
field inside a corrugated waveguide.

In [7] three sets of calculations corresponding to different variants of driver
geometry were carried out. The first one was accomplished for the case when the external
electric field and the attenuation spatial coefficient (corresponding to the microwave power
extraction) had been continiously distributed along the driver. The second set of
calculations was performed for the more realistic driver with a discrete structure of LIA
consisting of separate induction sections partitioned by transition chambers. The lengths of
the induction sections and transition chambers were chosen to be 1. = 50 cm and (lt = 25

cm) respectively. The microwave extraction was being switched on only in the transition
chambers, and the electric field Ea was equal to 1.5 MV/m inside the accelerating sections.

In the third set of calculations for the same lengths of the accelerating sections and the
transition chambers the accelerating voltage of every section (750 kV) was concentrated
only on the gap 7.5 cm long located at the beginning of every section.

50 -- 1.8 -

40 1.6

30 1.4

2

1.2

10
1.0

0 4000 8000 12000 16000 20000 0.8-

Length, cm
0 4000 8000 12000 16000 20000

Fig. 1. The electron mean energy versus the distance Length, em

for: 1 - continuously distributed driver parameters; Fig. 2. The microwave power versus the distance for
2 - discrete periodic cells, 3 - discrete cells with continuously distributed driver parameters.
narrow accelerating gaps.

Fig. 1 shows the calculated dependence of the bunch mean energy F on the

distance (z = 0 corresponds to the TWT output) for the whole three sets of calculations.
The dependences of the microwave power and the bunching parameter B on the distance
are shown in the Fig. 2 and Fig. 3. As for the case of continuously distributed parameters
one can see from these figures, the quasi-steady state of the system is achieved at the
distance -40 m. The extracted microwave power in the quasi-steady state is equal to - 333
MW. The mean steady state bunch energy - 7.5 MeV. And at last we have the high value
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of the bunching parameter B _ 0.9 in the quasi-steady state. The electron phase space
picture (see Fig. 4) shows that the initial bunch breaks down on two main bunches being at

the phase shift A•f 21r one from another.

1.0
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0.9

-o . ."

0.8 -•

Length, I I ~~-20 -3 -0 -
0.7

.30

0.6 --- 40

0 4000 8000 12000 16000 20000

Length, cm -20 -15 -10 -1 5

Fig. 3. The bunching parameter versus the distance Fig. 4. The typical electron phase space picture at the

for continuously distributed driver parameters. distance of 100 m for continuously distributed driver

parameters.

So the external electric field puts into the electron beam the power equal to - 500
MW/m which transforms into the microwave power in the steady state. The investigation
of solution stability revealed the existence of the steady state solution up to error values
5 111 = ±10% in the electron beam current.

TEST FACILITY

Series of test experiments are planned at JINR to study the scheme mentioned
above. The scheme of the experimental setup based on the existing LIA-3000 facility is shown
in Fig. 5. It consists of the injector and two reaccelerating sections. At the injector output the
electron beam energy is about 800 keV and the current is equal to 200 A. The input
microwave power is about of 10 kW with the wave length of 8 mm. Each reaccelerating
section is 130 cm long and gives the energy gain of 360 keV. The microwave extraction and
reacceleration voltage in this scheme are both located in the narrow gaps between accelerating
sections each few centimeters long.

12 7 810 11

Fig. 5. The experimental setup scheme on the base of LIA-3000: 1) end part of injector; 2) coils of focusing
magnetic field; 3) travelling wave tube; 4) waveguide; 5) magnetron; 6) magnetic solenoid; 7) first
accelerating gap; 8) linear induction accelerating sections; 9) second accelerating gap; 10) corrugated
waveguide; 11) chamber for microwave power and bunching parameter diagnostics-
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The fulfilled simulation of the beam propagation, acceleration and microwave
extraction for the real LIA-3000 parameters gives that the extracted microwave power
should amount by approximately 10-15 MW per gap. The obtained spatial evolution of the
bunching parameter and the bunch mean energy is presented in Fig. 6 and Fig. 7. Two
rapid increases in the energy exactly correspond to the accelerating gaps. From the figures
one can see that the travelling electron beam maintain rather high bunching parameter,
while the beam energy rises from 0.8 to 1.3 MeV.

0.8 4.0

S0.7 3.6 -

0.6 I- 3.2

0.5 2.8

0.4 r T 2.4 - -i ,

0 100 200 30 0 100 200 300
Length, cm Length, cm

Fig. 6. The bunching parameter versus the distance Fig. 7. The electron mean energy versus the distance
for LIA-3000 parameters. for LIA-3000 parameters,

CONCLUSIONS

There was shown that a quasi-steady regime could be reached in the TBA driver
when electron bunches accompanied by a part of an amplified microwave are
simultaneously accelerated from the beginning in an external electric field. The total power
which is inserted into the beam by the accelerating field transforms into the microwave
power in the quasi-steady regime. Such kind of systems can serve effectively as a rather
long (hundreds of meters) driver for the TBA.

The planned test experiment based on JINR LIA-3000 should yield the possibility
of studying the bunching, microwave generation, beam propagation and twofold microwave
extraction.
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EXPLOSIVE MAGNETIC SOURCE OF HIGH VOLTAGE PULSES

V.D.Selemir, V.A.Demidov, S.A.Kazakov, Yu.V.Vlasov, I.V.Konovalov,
V.G.Komilov, N.V.Stepanov, Ye.V.Shapovalov, and K.V.Shibalko

VNIIEF, Sarov, 607190, Russia

INTRODUCTION

The energy source with high output voltage [1] is one of the main components of pulse
accelerators of relativistic electron beams. To create transportable facilities, the energy
sources with high specific energy stored are required, which are able to produce rapidly
increasing (- 100 ns) voltage pulses > 400 kV. The explosive magnetic source of high-voltage
pulses meets these requirements. The operating principle of this source is based on the two-
cascade circuit opening of the helical flux compression generator (HFCG) [2].

DESIGN DESCRIPTION

A multi-section high-inductive HFCG [3] with helix internal diameter of 10 cm was used
in the experiments. The generator central tube was made of aluminium and had a conical
broadening under the last sections of the helix.

In the first cascade of current sharpening the opening switch was used, in which copper
foil is destroyed under the effect of the HE-charge explosion products [4]. For the second step
of current sharpening the electrical exploded current opening switch (described below) was
used.

The emission explosive flat diode without magnetic field with cylindrical graphite
cathode with diameter of 90 mm and main gap of - 20 mm was used as FCG load.

To obtain the short voltage pulse front in the diode circuit the spark gas-discharge gap
was used.

MODEL EXPERIMENTS

To determine the optimal cross-section and the length of electrically exploded wires, the
model experiments were carried out in laboratory conditions. A capacity pulse-current
generator (PCG) was used as a primary energy source. The current pulse applied to the wires
was close in its parameters to the current pulse of explosive magnetic source after the first
sharpening cascade.

The wires being electrically exploded were placed in the SF6 gas medium under the
excessive pressure of -0.5-105 Pa. The current was measured with Rogovsky coil and the
voltage was recorded by ohmic divider. The device operated in the mode of idle explosion of
wires.

Fig. 1 gives the general electric circuit of the experiment.
As a result of a series of experiments the parameters of exploded conductors were

defined, which allowed to obtain the set amplitude and duration of the front of voltage pulse.
Preliminary calculating estimations of mass and initial resistance of electric explosive opening
switch, based on the known dependence of relative resistance on specific energy release
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•L R[ R,
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Fig. 1. Equivalent electric circuit of experiment.

C - PCG capacity (8 gF, Uo = 80 kV);
L - PCG and discharge contour inductance (L - 230 nl);
R, - PCG and discharge contour ohmic resistance (R - 0.03 Ohm).
R(t) - electrical exploded current opening switch resistance.

R(e)/Ro [5] allowed to identify the initial
version of conductors being exploded. Due to
the strong influence produced by a certain

200 design, arcquenching medium and energy input
rate on this dependence, the final result was
obtained by suitable selection of conductor

100o parameters in the course of experiments. By
processing experimental dependencies U(t) and
I(t) the dependence R(e)/Ro (Fig.2) was

C0  obtained in a graphic form.
0 2 6 Thus, using copper wires with diameter of

e, kJ/g 0.12 mm and total mass of 1.7 g in the

explosive unit, the output voltage of - 510 kV
Fig.2. Dependence of relative growth of wire (multiplication factor is 6.5) and the discharge

resistance on specific internal energy. current of 240 kA were obtained.

PRELIMINARY EXPERIMENTS

With the calculations [6], to perfect the explosive magnetic voltage source the
preliminary experiment for inductive-active load was carried out.

The HFCG was powered by capacitor bank with capacity of 50 jiF. The current
Ig - 5 MA was recorded in the contour of the first sharpening cascade (with inductance of
20 nfl). The diagram of HFCG current is shown in Fig.3. The current after the first step of
sharpening was It - 400 kA. The maximum current derivative was (dlt/dt)max - 1.6. 1012 A/s.
Inductance of the contour on which the explosive opening switch operated was formed by the
transmission cable line and internal inductance of electrically exploded conductors. Its
magnitude was Lt+l. = 120 nfl.

The maximum voltage in the load was U - 350 kV with the front of - 40 ns. The current
was I - 30 kA (Fig.4).
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Fig.3. Current after explosive opening switch. Fig.4. Load current.

As one can see from the diagrams, the experimental results agree with calculations quite
well. However, the expected voltage pulse in the load has not been obtained. That is,
evidently, related to the electric breakdown in the wire electric-explosion products. Moreover,
the load effect on the electric-explosion process was estimated not accurately enough that
resulted in the excess of the energy introduced in the electrically exploded wires.

EXPERIMENTAL RESULTS WITH HIGH-CURRENT DIODE

Results of the diode powering of by the HFCG with the perfected electric explosive
opening switch is shown as dependence of diode current on time in Fig.5 and as dependence
of diode voltage on time in Fig.6.

The current impulse has the amplitude of 27 kA. The maximum diode voltage is equal to
- 380 kV. In the experiments with the HFCG with initial energy of- 700 J the maximum
current in explosive opening switch circuit was - 4.9 MA, the characteristic time of current
rise was - 7.5 p.s. After the explosive opening switch operation the electrically exploded
wires circuit current is 540 kA, current rise time is 0.4 pls.

r

__.____. --

-VXT- Vf1! V V- V V.; V •

Fig.5. Diode current. Fig.6. Diode voltage.

Time marks with the interval of 0.04 pts. Time marks with the interval of 2 pIs.
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CONCLUSION

A possibility of formation of the sharp high-voltage pulses using the helical FCG and
two-cascade current opening switch is shown. The electric breakdowns in the copper wires
electric-explosion products are considered to be the main limit of the voltage magnitude. To
increase the device characteristics, the further optimization of parameters of the second
cascade of the current opening switch is required.
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The numerical simulations of plasma opening switch (POS) involve a lot of complex
physical problems. Here the two temperature magneto hydrodynamic model (MHD) is used.
The computations with such model are not so time consuming, as for the particle codes, and
they give reasonable results.

The effect of Hall term in MHD equations is essential for correct physical description of
the process. Original approximation of this term was proposed in [1]. Another essential point
is in the physically correct description of plasma-vacuum boundary, where the magnetic field
detaches the plasma current carrier and passes to the load.

Two stages can be separated in POS dynamics. The first one is conductivity, when
plasma ports the current. It is well described by MHD equations. Second stage, the opening
can be described by MHD equation, but with the attentive analyse of applicability of such
model.

The simulations were concentrated mainly on the different types of POS behaviour.
Such approach can be used for optimisation of composite plasma configuration of POS,
which had been proposed to be one of the possible ways of improvement of the POS
performance [2, 3].

Physical model

Plasma dynamics is described by two temperature magneto hydrodynamic equations
"dp + div(pu) = 0 pu -+ Div(puu)+ grad(p) jXB

dpEe _+ div6uE )+ P e divu + divW = jE* + Qe

dt e

1 + div(ue )+pi divu + divW. = -Q (1It0 (1)

dB *uxB c-=-crotE, E=E - j=-rotB, divB= 0
dt c 47r

where p, P- plasma density and pressure, ne, n - electron and ion densities, Z -

ionisation, u - velocity, E, B - electric and magnetic fields, ee, e T T. - electron and ion

specific internal energies and temperatures, W.i- heat fluxes, Qei- exchange term and

radiation sources. Omh's law with the Hall terms is used
* j+jXB gradp,E=

aT cen en (2)
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The term with electron pressure is not important in all the cases, so the majority of
presented computations were done without it.

Numerical method

The simulations of the mutual dynamics of the magnetic field and plasma during the
conduction stage were performed with the ASTRE numerical code using the adaptive mesh
refinement numerical algorithm [1]. This code is based on the algorithm with rectangular
eulerain mesh with the boundary conditions allowing simulations with arbitrary electrode
shapes. The influence of the Hall term was considered to be important already at initial stages
of process. New approximation of Hall term was proposed in [1]. It allows the simulation of
Hall fast penetration of magnetic field for wide range of parameters, including the case of
weak diffusion.

There is well known test of magnetic field penetration along the density jump. There
exists the analytical solution for the case of MHD equations with frozen ion motion, so called
electron magneto hydrodynamics. This one-dimensional solution has the form of shock wave.
This analytical test was computed with proposed approximation of Hall term. The same test,
but only for diffusive case were used in [5].

Non diffusive simulation shows the characteristic of unmasked Hall term approximation.
Fig. 1 presents the isolines of magnetic field for two different moments of non-dimensional
time. The solution is monotone and without any non-physical smearing.

Maqn. fietd Maan.field

Min-max:-I
1 
0 mn-mex:-I 0

Fig.1 Magnetic field penetration along the density ramp, without diffusion, t=0.05, 0.15

Boundary conditions

Due to the essential convection and mixing, euler approach is more suitable for POS
simulations. In such case the boundary conditions are postulated on the fix external boundary.
But the regions of vacuum inside the computational domain need a special treatment.
Traditionally this problem is solved by considering of low density regions, as physical
vacuum. The background density threshold separates such domains. For 'vacuum' domains
we have Laplace equations for magnetic field. But for numerical requirements it more
convenient to use for such domains very small conductivity. This parameter and background
density are chosen in such manner, that any their influence on results is excluded.

For Hall MHD there is another problem with boundary conditions. For electromagnetic
part on the ideally conductive surface we have

E =o (3)

For the case non Hall MHD it is equivalent to the condition on the current density
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J'c =0 (4)

what means that the current is normal to electrode surface. But these two conditions are
different for Hall MHD. The physical one (3) is responsible for magnetic field penetration
along the plasma-electrode interface. In considered case of POS, magnetic filed penetration is
mainly realised inside the volume. So, as in [6] we used the boundary condition (4). Such
replacement can be explained, if we assume that there exists thin boundary layer, where we
have such replacement of conditions.

Simulation results

Some existing geometries of the composite POS under experimental study were
considered [2-4]. The plasma dynamics was modelled in order to estimate the degree of the
plasma rarefaction in the configurations with different initial plasma density distributions.

It is possible to see two types POS behaviour. The first one looks like the opening of
snow-plow type, which is accelerated by Hall penetration of magnetic field inside the plasma.
Another one is the opening due to the magnetic field penetration through the conductive
plasma bridge. The latter case is more rare.

DensIt :n Pressure son.fieL Densil :r Pressure aan.fletd

0

*I,...0..2 .•I)I.ON .. t* l• S 01.4 .h-..I62WN .I..O 0 .l .I0~l I f0.g .1]0 ,1 I*-•|l 1W012 .r...:.40l$.T .i.OSO2.-01'
Noex-2.Ot*O82*14 Idath-5.4305S <-> /OqýtL-S9489 W-.106- 13O4 l vIdth•-ILOW 1-1 C/O•Mt=6,80,904

Fig.2 Initial conditions and simulation with Hall effect, t = 380 ns,
Pensit :r ressure son. fIet Density:n Pressure onm fleld

N.,...349.-1. I mh-2. 4125.O2.Ir.. - S NI./o -a N ,...S.4 3UU3.-12 .fIdt .5-1.224 - S c/O t- . ,.-..,7 O .S

Fig.3 Simulation without Hall effect, t = 380 ns, t = 440 ns
In any case Hall effect is of premier importance. The influence of Hall tem is illustrated

by next example. The first run was done with Hall term (Fig.2). The generator current is 300
kA during 500 ns. The density, pressure and magnetic filed are presented. The plasma was
produced by plasma gun, place'from the right side of this plane POS. Arising magnetic field
pushes plasma to one of the electrodes, and this cloud of plasma cover the electrode. This
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explains the delay of current in the central part of electrode, which was seen in the
experiment [4].

Fig.3 represents the simulation of the same problem, but without Hall term. Magnetic
field penetration is smaller for the same time, and the current pass to the load only after
440 ns.

Another simulation of cylindrical POS presents another type of opening. It was done by
Hall MHD approximation. Current parameters arel MA during 1,1 ms. Maximal density was
1016 hydrogen and the density was distributed by

(Z-Zo )2

n(r, z) = noe a2 (4)

Here the radial dependence of the magnetic field is essential and the current plasma
layer is push quicker along the internal electrode. Initially the gradients of magnetic field and
of the density are parallel, so Hall term is zero. Later it starts to work, and it is possible to see
the current penetration to the load.

Fig.9 Density, magnetic field, electron temperature and mesh, t=500 ns

Conclusion

Hall MHD simulations allows to explain the penetration of current in plasma opening
switch. But the physical mechanism of current detaching from plasma requires yet additional
attention and analysis.
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1. Operation principle of the ferromagnetic opening switch with transversal magnetizing.
For fast switching current in inductive and inductive-capacitive energy storages the
circuits are used in which a sharp increase of transient impedance of the circuit element
occurs. This process may be effected in various ways including the jump in the
inductance of the circuit (Fig. la) from its initial value L;' to the final one L" .The load
current and current i, will be then determined by the expressions [1]:

ýK-1 1+4+/4

K2 = L2 L2 (1)

+ 1 + o / '- K

where ig is the initial current value i0 , il' is the current in the inductive load, K= I'"//

is the ratio of inductance variation.
Generation of high magnetic fields in single-turn low-inductance solenoids

requires forming the current pulse of the megaampere range with the rise time of order
of 10-6 s and less. In this case one may use the inductance-capacitance storage for the
shortening of the current pulse front [2]. In the mentioned experiments the condition
4 <<«4 is usually satisfied , where 4 is the inductance of the energy source.

Lo0L
S~ B B=f(H)___•

B

i D' 
1

Hs H

Fig.la. The circuit for current switching into Fig.lb. The approximation of the magnetization
inductive load due to inductance L1 variation curve

The possibility is considered of using for switching purposes the jump in
magnetization of the coil core I, under external action. In the initial state the core
should be deeply saturated, and at the required moment the material of the core should
transit into the unsaturated state, which is accompanied by the sharp increase in the
inductance up to the value Ii" and transition of the current into the load 4. The
control of the process should be performed in such a way that the inductance jump and
the time of its realization were determined by the external action and not by the current
in the storage circuit. It is proposed in this work to use to that end the system with
orthogonal fields [3].
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A coil with the toroidal core, whose winding experiences current flow i4
producing toroidal field with induction Be, is used in the proposed device as the
inductance 11. The circuit with current io is situated at the core axis. The induction of

the toroidal field of the current iI is orthogonal to the poloidal field induction B,
produced by the current i8 . The inductance L, may vary in a wide range with the aid of
the control current i.. This may be shown at an example when the core material is
isotropic and the induction dependence on the magnetic field intensity has the
form Bf = pt(H)_Y. The magnetic permeability in this formula depends on the intensity

module H=(H' + H2)/' . Let at the initial state the conditions HH >>H and

Ho >I H, hold true (point 1 in Fig.2). Here H, is the threshold intensity that
corresponds to the intersection point of the two sections of the broken line
approximating the magnetization curve. In the initial state the core is sharply saturated
due to the action of the poloidal field H ,. After switching off the current i0 the field

H, becomes zero, and the state of the system is characterized by point 2. The
inductance L, sharply increases. The currents i0 , i4 , and i2 in the circuit elements of the
inductive storage vary correspondingly.

In the present work the parameter estimates of the ferromagnetic opening switch
(FOS) are carried out. The possibility of its use for switching in low-inductance circuits
is examined, and some calculation results are given.

2. Approximate estimative characteristics of the ferromagnetic opening switch. For the
approximate description of the FOS magnetic circuit the magnetization curve may be
substituted by a broken line (Fig.2).

_____pH , B_<Bs (2)p(H=I,ff H , B>ý Bs'

where: ptff = H =StP o 1l+ -I _ lio

As a calculation model we examine the system of the hollow toroid satisfying the
condition b<a<<R (Fig.la). At the saturated state H&HP=iq/21ra. Under the
conditions u >> A and H, >> He at the initial state we have:

It1+ =ý _L~ I./o=1 + -I' i (3

In this formula 4, = 2mz is the length of the poloidal field line, H, is its
intensity. In further estimations we adopt the value 1.5 T for Bs. This corresponds to
such magnetic materials, as permalloy, amorphous iron etc. used in pulse transformers
and magnetic flux compression devices.

If the condition w1i' < Bsl6 /p = i1, holds true, the core after switching will not
be saturated (w, is the turn number). The current i" may be found from formula (1),
which is conveniently rewritten in the following form:

i atf "f, a < k' , (4)
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where a=(l+/ +/• + //)/(1+/L/4) and 8J=(4(/I;)/(l+ 41/14) are dimensionless

numbers determined by inductance ratios. In the particular case when 4/4 <<1 we

have a=l+/-,/-' and fi=L/,/. Then equation (4) yields the condition limiting the

value of the switched current:

a
The magnetization current is relatively small. Nevertheless, condition (5) may be

satisfied even for large switched current, if the ratio -pl = K is sufficiently large.
Using formula (2) we obtain general expressions for K, the admissible switch current,
and the load current:

K - /P ;(6)L1' Bs1+--" (1 - Uo/P)

loBs 1 I'1
1 + Bs L2

Bs BI L2 l (7)

+ P B S [ + L2 10 Bs 2 10I A .... H9,s
10 Bs 12SH•,1 +

/1oS 1 +P oU

2 +o Bs + L210  Bs L21 (8)

Uo HI PoS 1 + BS] 
2SHoI+ Bs]

Fig.3 represents the curves illustrating the given relationships as functions of the

dimensionless parameter Bs/(p0H,).

1.10 " 00.1 I 10 10 0 t 0l0! 0.1 I 10 100

Fig.3 Dependence i2 /i and K from size of the Fig.4 Dependence of an allowable current of
switching io' from size of the ratio 1., /l.

parameter k. = Bs/[p°Hq," For io9 : I - 104A;2- 105 A;3- 10 6 A; 4 - 107

For L•1/_• : 1 - 0.01, 2- 0.1; 3 - 1; 4O- 10
"-"i 2/i' ; 6 \ K ; Z * =.

3. Conditions of low saturation. In the real conditions ,' --= POOI+ Bs/(poH",))> po,

which corresponds to the conditions of low saturation: Bs/(oH,) > I (the right section

of Fig.3.). Then, according to (5), the estimate for the currents and K holds true:
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K zH 9,/Hs; it ( L2 4H, (9)

+ Ss,)1 + BsS

Equation (5) allows to optimize the parameters of the inductive storage with the FOS.
The optimization problem may be represented as the choice of the transversal solenoid
dimensions yielding the maximum value of the switched current ig in the solenoid of the
fixed length for given control current i4 (Fig.4). The obtained results show that with the

length of the solid core of order of 1 m the values of the switched current of order of 105

A may be obtained. The control currents may have several times less amplitude. To
achieve current close to 106 A the core length should be increased, which (for constant

control current i4) is proportional to (i') 2. It should be noted that in the examined case

the ratio K is although less than the ultimate value a/14, but it remains sufficiently
high.

4. The conditions of high saturation. The condition Bs/poH9, << 1 corresponds to the

conditions of high saturation (the left-hand section of the Fig.3.). Under the conditions
u//40 >> 1, K>> 1 the currents and K assume the following values:

K • /• "Bslo " Bst8 Bst° lO
K Es_+e Es TB (10)

+ 1i0 91
/• + 41 + + s / 11+

The conditions of high saturation may be used for the generation of megaampere
currents in the low inductance load. In this case the length l, should be sufficiently
large and the section of the solenoid should be chosen in such a way that the ratio

j/L;' would not be high. For a considerably large length and the solenoid section and
low load inductance the FOS can provide the controlled switching of the megaampere
current into the load of the inductive storage.

5. Conclusions
1. The inductance of the solenoid with the ferromagnetic core may be changed sharply

by switching of the orthogonal control field.
2. The controlled change of the inductance in the system with orthogonal fields may be

used for current switching into the load of the inductive storage. The controlled
inductance with strong initial saturation then represents an analog of the
disconnector.

3. The FOS allows to switch currents of the megaampere range in the systems with the
low-inductance load (of order of 10-9 H).

4. The FOS parameters may be optimized in the case, if the core material at the initial
state is not deeply saturated. Under these conditions the disconnector can be readily
used for switching currents with the amplitude of 104... 105 A.
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Introduction.

The experiments on wire explosion in strong longitudal magnetic field has shown that
the electrical characteristics of conductor explosion are affected by the field. So the presence
of longitudal field with the induction - 50-70 T shifts the moment of the explosion and
changes the qualitative dependency of voltage vs. time. In works [1,2 ] the possibility of
essential heating and speedup of plasma caused by the generation of azimuthal currents at
electrical explosion in longitudal magnetic field has been shown. In given work the one-
dimensional analitic plane model illustrating the possibility and explaining effect of speedup
and conducting media heating under its expansion across the given external field are brought.
Also the description of the experiments is presented in which this effect at the expansion of
the low density gas area forming around wire under its electrical explosion in the vacuum was
observed.

Reference positions and model problems.

The possibility of conducting media speedup and its intensive heating in presence of
sufficiently strong axial field was shown in works [1-4]. It is interesting to confirm a noted
effect on the example of simple models. The one of them is a model of stationary flow of
conducting gas across the field. Within the framework of this test problem let us consider
that media elements move along X- axis at the speed of u×(x) , herewith all distinctive
parameters ( density, velocity u, pressure p, temperature T) are constant. In the point x=O
given boundary values of these parameters are Po, uo, po,To. Magnetic field By is equal zero at
left side of point x=0 then it is changed sharply to value B1 on the boundary area and
hereinafter stays unchangeable. Stationary flow of media with constant conductivity T is
described by the system of the magnetic hydrodynamics equations

du dp (dp ydpx' (-62
-(puj= 0 (1) pu- =B (2) u ) - (3)

dx dx k(dx p dxj

where =-8, - induced current density, y - adiabat index.
Let us consider that electric field tension in Eiler coordinates Ey=0 that corresponds

the case of plasma flow limited by short connected conducting plates. Then follows an
equation 8. / a= -[ii,/]. = -uBo, , or 8=-auB0 . From the equation (1) we have pupouo.

Hereinafter it is possible to exclude density from equations (1)-(3) and bring them to
following two equation system for the non-dimensional velocity U=u/u, and non-dimensional
pressure P=p/po as functions of non-dimensional coordinate Xr=x/x0 . Distinctive length x,, is
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defined by the expressionx. = (-po) / [(y -l)B2opoI. Equations for variables U and P are as

(2 )U2__ dP _ u -

follows: dU = (2 - Y)u (4) 9-==R(5)

Y r
Here appears the distinctive parameter 0 = pouo /po . Numerical calculations executed for

boundary conditions P(O)=U(0)=I show that type of solution is defined by the value of
parameter 0 (fig. 1). If initial velocity of media is less then adiabatic velocity of sound on the
boundary (in this case O<y ) the velocity fades at the growing x but pressure grows. More
interesting is the case 0>y when velocity grows at the growing x. If the grows of x is
unlimited then the velocity rises exponentially. This is confirmed by examples shown on the
fig. Ia and fig. lb for y=5/3. In first case (a) accepted value 0=1, in second one(b) - 0=2.

It is possible to interpret the result received as
follows: under sufficiently big initial velocity the plasma is

2 heated by the induced current herewith the stream
U penetration into the field, the flow velocity, pressure and

temperature increase with simultaneous density reducing.
Model of stationary flow does not describe the conducting

I i media expansion in the vacuum. However qualitative type of
process must be kept at the vacuum explosion: it should be

expected that under sufficiently high initial temperature and
conductivity the process of explosion products speedup and

2 .. heating can be excited in the strong field. Heating and
U speedup of plasma are formed on length of order x. for time

TO m(6).
u0  B2 O

0 This value with accuracy of multiplier 1/0 is known in
0 2 4 6 magnetic hydrodynamics as a parameter - the time of

Fig 1. a)O= Ib) )0=2 inducting deceleration [5]. Under 0<1 plasma is really
slowed for a time of the order To. However under 0>1 the

sense of this parameter is changed to opposite. Now To becomes the scale of time of the
heating and speedup of plasma under its motion across the field. At density of Cu vapours
of order 1kg/m3 that corresponds concentrations 1025 m"3 for heating of plasma with the
conductivity 103(p-my) for a time of the order 10-6 s it is necessary that plasma was expanded
across the field with the induction of order 102 T. The threshold value of induction increases
at the growing of density and conductivity reducing.

Experimental results.

In experiments being described the 0.2 mm copper wire 15 mm length fitted in
vacuumed glass shell with the internal diameter 16 mm was used. In the process of
fabrication the wire was heated during 24 hours at the temperature 4000 and pressure 10-6
Torr. The shell was placed to cavity of one turn solenoid with removable destroying insert.
For feeding of the solenoid the low inductive 648 mkF capacitor battery was used which
could be charged up to the voltage 40 kV. Maximum value of the field induction reached 70
T. The explosion of conductor was initiated near the maximum of the field in solenoid by
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the additional battery. The time of the increasing of the current in wire to the amplitude
value (1 mks ) was substantially less then field increasing time (7 mks ).
Magnetohydrodynamic calculations have confirmed that in these conditions longitudal field
can be considered quasistationary from standpoints of its influence upon the process of
electrical wire explosion . The design of the current driving bars to the balloon with the
exploding conductor was executed in the manner of" squirrel cage " from fine conductors for
excluding of longitudal magnetic field mechanical influence on system elements. The
parameters of exploding conductor circuit are as follows: capacity 3.75 mkF, inductance 300
nG, voltage 10 kV. The measurements of the current in conductor were made by Rogovsky
coil. Voltage on conductor was measured by the voltage divisor with the compensation of
inductive part.

The plasma emission photochronography allowed to measure the velocity of its
expansion. For the measurements of the magnetic flux displaced by the expanding plasma as
well as for the evaluation of plasma conductivity under known expansion velocity the
diamagnetic signal was registered.

a Fig.2 shows the results of photochronograms
R mm processing in which chosen equal density lines are

4 • displayed. The photograph corresponding to
2 •explosion in the longitudal magnetic field can be

separated in two areas differ in brightness. External
2 area represents the quickly expanding plasma of

low density. Internal area is characterised by greatly
0 more high intensity of emission and small expansion
0 250 500 velocity practically the same as for the electrical

explosion without the longitudal magnetic field

(fig.2b). It can be seen from the chronograms
comparison .that at the parameters of exploding

R mm b conductor circuit taking place in experiments the
4' electrical explosion in the longitudal magnetic field

3 is distinguished by presence of quickly expanding
2- plasma volume of small density around the wire

S 4 core. The fact is confirmed by the comparison of
lines of equal density for modes with the magnetic

025 500 field and without it.

The diagram of diamagnetic signal under

Fig.2. Equal density lines on Bz=50 T is brought on fig.3. It is possible to select
photochronography data. (1-7%, the signal proportional to external magnetic field
2.200/6,3-35%,4-100%1/6) which presents at the diagram because of
a- B,,=50 T, b -Bz- 0 incomplete compensation of initial field and the

signal proportional to displaced magnetic flux that can be easy selected on the background of

the remaining uncompensated signal. The diamagnetic signal in combination with the

measured velocity of plasma expansion allows to determine the value of its conductivity. For
determining of a value the calculations of magnetic field diffusion to cylindrically expanding
plasma with given conductivity were accomplished. The equation of magnetic field diffusion
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in cylindrical coordinates was numerically solved and as a result it was obtained that the

measured value of signal corresponds to the calculated value of a=200(n-my'.

0.2 60 This value is substantially less then known
2 4 tabular values [6]. Difference can indicate

30 that expressions for the conductivity obtained

S 0 W at the approximation of the media
9-0.05 1 -15 thermodynamic balance cease to be equitable

-0.1 -30

-0. 15 45 in the area of small density where according
-0.2 0 -60 to calculations concentration of particles has0 2 4 6 8 10 12 14

trnks the order 1021 m-1. As far as density of

azimuthal current has the order 108 A/m2

Fig.3. under specified concentrations of electrons

their drift velocity is about 106 m/s that greatly exceeds the ions heat velocity. At the such
conditions the suggestion about the absence of the thermodynamic equilibrium and
conductivity reducing in consequence of chaotic fluctuations excitation in the plasma seems
to be motivated.

Conclusion.

1. The possibility of the azimuthal current self-excitation and radial plasma speedup under
its heating in the expansion in megagauss magnetic field is shown on model problems.

2. Experiments have confirmed the possibility of plasma heating and acceleration in the
electrical wire explosion in the longitudal magnetic field by the value of order 50 T.

3. The pocessing of the experimental results brought the plasma conductivity substantionally
less then theoreticall values obtained in the suggestion of local thermodynamic

equilibrium.
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WAVE-FORM OPTIMIZATION FOR A 60 MA Z-PINCH DRIVER

K. W. Struve
Mission Research Corp., 1720 Randolph Rd SE, Albuquerque, NM, 87106, USA

and
D. H. McDaniel

Sandia National Laboratories', P. 0. Box 5800, Albuquerque, NM, 87185-1194, USA

INTRODUCTION optimizing efficiency and minimizing
breakdown risk.

A new z-pinch driver is being planned Several factors have a large impact on
by Sandia National Laboratories (SNL) that the design. The largest are the stack and
will provide up to 16 MJ of x-ray radiation. load inductances, and the implosion time 'p.
Two load designs are being considered. One The voltage required to drive the load is
is a double z-pinch configuration, with each L di/dt. Without changing the inductance it
load providing 7 MJ radiation. The other is a may be possible to lengthen tp and thereby
single z-pinch configuration that produces decrease di/dt. Other important factors are
16 MJ. Both configurations require 100 to resistive and shock-induced conductor
120 ns implosion times, and radiation pulse losses, magnetic insulation of the vacuum
widths of less than 10 ns. These insulator, and convolute losses. All of these
requirements translate into two 40 MA effects are being actively investigated with
drivers for the double-sided load, and a 60 scaled experiments and theory on Z.
MA driver for the single-load configuration.

The design of this new machine, which
has been called X-1, is based on the Z LOAD COUPLING EFFICIENCY
accelerator at SNL [1]. The X-1 design
differs from the Z design in that voltages will A z-pinch driver and load can be
be higher by a factor of three (10 to 12 MV), described as a driving voltage with its
and will have a larger number of modules. intrinsic impedance, in series with fixed and
X-1 will have a circular water tank time-varying inductances. See fig. 1.
surrounded by an oil tank with a 90 m outer
diameter. A transmission-line transformer in L
the water section will be used to increase the
voltage from the output of the water-
capacitor and pulse-forming sections. An 2V Llood
alternative design uses dielectric cavity
adders to provide the higher voltage.

The design philosophy for this machine Fig. 1. Equivalent circuit for a pulsed-
is to work from the load out. Radiation power z-pinch driver.
requirements determine the current, pulse-
width, and load-inductance requirements. For most of the pulse, the z-pinch load
These parameters set the drive wave-form can be modeled as a fixed inductor. Only
and insulator voltage, which in turn late in time is there a large inductance
determine the insulator-stack design. The increase. Assuming fixed inductance, and
goal is to choose a drive wave-form that specifying the voltage VL at the inductor,
meets the load requirements while
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which is also the insulator-stack voltage, we F3L / tp . Similarly, the efficiency for a sine-

derive the efficiency 71. squared wave-form, VL = Vo sin2(t/T), can

be calculated using the same technique.
1 Li2 (t)/2 (1) Here the efficiency depends on both the ratio

J'•P VF2 (t) / Zdt of the pinch time to the period of the wave-
form, and the ratio of the period to the

The efficiency is defined as the ratio of the characteristic time T. Thus a family of
energy in the inductor to that delivered to a curves can be generated, as shown in fig. 3.
matched impedance. The current i(t) is The peak efficiency is the locus of peak
(fVL(t) dt)/L and the forward voltage VF(t) is efficiencies of all the curves. Note that near
(VL(t) + i(t) Z) / 2. The upper limit of the the peak of the sine-squared (tp/T = rC/2) the
integrals is the pinch time tp. With a efficiency is over 0.97, whereas a quarter-
constant insulator voltage, the efficiency is cycle later'it is less than 0.80.

7 , (2) .

4l+tr~pl-tP/ /3 0.8

where r is L/Z.. This function is plotted as a 0.6

function of tp/r in fig. 2. n
0.4 -E i, Tl = 1

0.2 -I T/: -4
0.8 0 •' ' ' -0- e' ak efficien~c.. . . .

0.8

0.6 0 1 2 3

t I
0.4 

tP /T

Fig. 3. Efficiency vs. pinch time for a
0.2 sine-squared voltage at the stack for

various ratios of period to characteristic
o0 . . . . . . . . .. . . . . . . . . . tim e T.

0 1 2 3 4

tp This analysis can be further extended to

Fig. 2. Efficiency vs. pinch time for a flat other wave-forms, as shown in fig. 4. These
voltage at the insulator stack, include a linearly-rising ramp, a linear ramp

with a constant voltage, an exponential
By taking the derivative of the voltage, a hyperbolic sine and tangent, and a

efficiency with respect to the impedance we sine wave-form. The sine-squared and
derive the optimum impedance for peak constant-voltage wave-form efficiencies are
efficiency, also included for comparison. As with the

sine-squared wave-form, all of the plotted[ , t -11/2 efficiencies represent the locus of peak
JoPVL(t)dt efficiencies. Therefore, the actual efficiency

Zopt--/ t / (3) can be lower, depending on the choice of

L Jo'"'' impedance, pinch time, and wave-form

For a constant insulator voltage Vo the peak period. Also note that for all of these wave-

efficiency is 0.93, and occurs for Z =
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forms the peak efficiency that can be 9

achieved is generally greater than 0.95. 8 -
-Z-6MV 7

-x7 MV
S7 -8 MVI

W 5

C4

0:9 f i--•v= ~t/r 3

-v-V = exp(tfT) 2
-*-V =sinh(t[T) _120 140 160 180 200 220 240 260-W-V = tanh(t/T)i
-*-V = sin(tff) IImplosion Time (ns)

V = S ( Fig. 5. Circuit-code simulation of kinetic

0.8 ...... energy vs. voltage and implosion time,
0 1 2 3 including resistive-wall losses, a time-

t /T varying inductance, and convolute losses.

Fig. 4. Peak efficiency for several wave- also important to operate in regimes where
forms vs. the ratio of the pinch time to the water-side limit is never exceeded.
the wave-form period. The insulator is magnetically insulated

when the current is high enough that the
A more complete analysis has been done tangential component of the electric field Et

with Screamer [2] using post-hole convolute is less than 0.07 c B, where c is the speed of
losses, resistive-wall losses, and time- light, and B is the magnetic field intensity
varying-inductance effects. Shownin tfig. [3]. In practical units, that occurs for
is a plot of kinetic energy vs. implosion time Et(kV/cm) < 210 B(T). A useful scaling

for several constant-voltage drive waveforms parame i F wi ise ratio E
at te isultorforonehalfof doble parameter isfMFi, which is the ratio of Et to

at the insulator, for one-half of a double- 210 B.
sided load configuration. The design The average electric field at flashover on
requires 7 MJ radiated, which translates to the vacuum side of the insulator is
5.4 MJ kinetic. Therefore, for tp less than E(kV/cm) = 175 A- /6 teff6, where A is the
140 ns, voltages of 10 MV or greater are insulator area in sq. cm, and teff is the time
needed. in Itsec that the pulse exceeds 89% of its

peak value [4]. This relation is modified to
VACUUM INSULATOR EFFECTS give a time-dependent parameter fv~t),

which is the fraction of the vacuum-

Any design for X-1 must consider the breakdown field.

possibility of both vacuum-side and water- A0 r1 t "1/6
side flashover of the insulator. Furthermore, fi1 (t)= -itE0E 6(t')dt'|. (4)
since flashover thresholds can be increased 175 0 O

by strong magnetic fields, as will be present On the water side the anode breakdown
in X-1, magnetic flashover inhibition (MFI) field is 230 A-00 58 teff1/3, using the same units

needs to be investigated. The goal is to find but with teff measured at 63% of peak [5].
those wave-forms for which magnetic Similarly, a parameterfwf4t) is defined. It is
insulation is enhanced before vacuum the fraction of the water-breakdown field at
breakdown thresholds are exceeded. It is the anode conductor.
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A 0 '058 r t -1/3 10 .. .

These three parameters can be plotted
for various wave-forms. In fig. 6 these
parameters for a flat-voltage wave-form at
the insulator are shown. Note that the -8-f

vacuum flashover criterion is exceeded
before the insulator becomes magnetically
insulated. 0.1

0 20 40 60 80 100 120

Time (ns)
10 Fig. 7. MFI, and vacuum and water break-

down criteria for a sine-squared voltage at
the insulator.

insulation and minimize early-time
breakdown. Several critical design require-

ments and power flow issues remain
unresolved which will have a large impact
on machine design. Final machine design

0.1 will require maximizing driver efficiency
0 20 40 60 80 100 120 while minimizing insulator size and stress.

Time (ns)
Fig. 6. MFI, and vacuum and water
breakdown criteria as a function of time REFERENCES
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PLASMA OPENING SWITCH - LOAD COUPLING ON ACE 4
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ABSTRACT design to minimize inductance in the POS to
load transition region.

Plasma opening switches (POS) are a key The coaxial POS on ACE 4 utilizes a
technology in inductive energy storage based high density, -5x101 5 ions/cm 3, 20 cm long
pulsed power applications. It has been plasma fill. The phenomenology of the ACE
observed on HAWK, DPM1, and ACE 4 that 4 POS is that MHD is the dominate physics
the geometry downstream of the POS plasma during the conduction phase and that it
injection region can have a significant effect reduces the plasma density carrying the
on POS-load coupling [1,2,3]. However, the current through radial mass motion
correlation between performance and ("thinning"). When the density reaches
geometry is not well understood. POS - load _1014 ions/cm3, the opening phase begins
coupling has been investigated for the 9 cm through Hall and erosion physics. Of
radius, ACE 4 coaxial POS [4]. This study interest in this study was the location of high
provides insight into the coupling of the POS density, current carrying plasma at the time
driving an inductive load and guidance in the of switch opening.
design for coupling to an e-beam diode. It POS models typically assume an initial
also complements the work reported at this injected plasma distribution which is uniform
meeting by Coleman et al. [5] and Don Parks axially and abruptly truncated both upstream
et al. [6]. and downstream. In reality, during injection

the plasma spreads both upstream and
downstream of the nominal POS region,

INTRODUCTION generating tails in the mass distribution.
Interferometric measurements with an earlier 6

The 9 cm, ACE 4 POS has demonstrated cm radius, ACE 4 POS showed plasma
opening voltages in excess of I MV for displacement several centimeters downstream
conduction times of-I j-s and for currents in of the POS. In addition, the earlier
excess of 3 MA when driving the large experiments showed a significant reduction of
inductive load shown in Figure 1. Efficient the POS opening voltage with radially
coupling of the POS with an e-beam diode confined geometries downstream of the POS.
requires changes in the downstream
geometry so as to minimize the POS to load
inductance. The purpose of this study was to END OF CONDUCTION PHASE -
develop a model describing the interaction COMPUTATIONAL MODELING
of the 9 cm ACE 4 POS with the
downstream geometry during the opening MHD computational modeling was
phase which would provide guidance for a performed for the 9 cm ACE 4 POS

inductive load geometry shown in Figure 1
using a measured average axial density
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profile in the POS region. Modeling was case with a downstream density tail and the
performed for two cases: 1) with no plasma typical viewing of the region interferometric
downstream of the POS and 2) with an diagnostics. At the time shown in the
estimated downstream density tail. Figure computation, a density shell has passed the
2a shows the initial conditions in the POS to single chordal interferometry line-of-sight
load transition region for the case with a and a thin, high density plasma can be seen
density tail. Figures 2b and c compare later pressed against the cathode, the
time-evolved density distributions for the downstream-most extent of which marks the
two cases. Although one cannot tell when in front of the axial moving plasma sheath.
the MHD computation opening would begin Figure 3b shows an experimentally observed
due to other physical processes, one can ask line-integrated electron density time history which
where the maximum "thinning" occurs. The is consistent with a density shell passing through
MHD evolution of the density front pushed the line-of-sight located axially 3 cm into the
downstream of the POS is seen to be very inductive load with its nearest approach to the
different for the two cases. cathode at half the 3 cm POS A-K gap. Overlayed

In the case with no downstream density is the relative timing of the load current I-dot At
tail, Figure 2b shows the plasma pushed out this position the line-integrated electron density is
of the POS region expanding downstream observed to peak as the time current begins to rise
with the region of maximum "thinning" in the load (i.e. at the beginning of the opening
occurring in-line with the original POS A-K phase). Measurements at different axial positions
gap. From MHD considerations alone this gives a velocity of the front of -70 cm/ps. This,
would suggest that a radial confinement to a coupled with the observed electron density pulse
region near the outer anode might have little FWHM, implies a 2-3 cm thick front Using an
effect on the density evolution in the region estimated 10 cm path length through the front
of "thinning" where opening might be implies a peak density of >1015 ions/cm3 using an
expected to occur. average ionization state of Z=4. Density levels of

In the case with an initial downstream 1015 are high compared to the levels where MID
density tail, Figure 2c shows reduced axial is expected to no longer dominate. This result is
motion and the development of a radial suggestive that the computation shown in Figure 2c
region of maximum "thinning" while the may be the more relevant picture and that the
plasma front in-line with the POS A-K gap opening is not occurring in the forward direction as
shows significantly less density reduction. suggested by Figure 2b. The implication of this for
As indicated by the relative times for the two load coupling on ACE 4 would be a limit to the
cases, the reduced axial extent caused by the allowable radial confinement of the region
forward moving front accumulating further immediately downstream of the POS.
mass allows time for the radial growth and Pulsed 2-D inteferometry was used to
"thinning" observed. In this case radial investigate the presence of high density
confinement to a region near the outer anode plasmas, ___1017 electron/cm 3, in the region
would prevent opening. downstream of the POS. An imposed fringe

pattern of several fringes/cm was set up in a
low resolution mode, with each fringe

BEGINNING OF OPENING PHASE - corresponding to a phase difference of a few
EXPERIMENTAL DIAGNOSIS times 1017 electrons/cm2 . Regions where high

electron densities are present appear as
Both single beam and 2-D interferometry distortions or a washout of the original fringe

were used to investigate the downstream pattern. Figure 4a shows a typical 2-D fringe
region near the end of the POS. Figure 3a pattern for the case with no plasma present. At
shows an earlier time computation of the a time 40 ns before the POS begins to open,
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when current begins to appear in the load, a POS opening performance requires, at a
high electron density region is beginning to minimum, that the POS to load transition
appear along the cathode in the region region has an outward radial expansion
downstream of the POS as shown in Figure 4b. region downstream of the POS. Work is in
By the time POS opening begins, the narrow progress to further validate and quantify this
high density region has extended -5 cm interpretation to provide guidance for
beyond the end of the POS as shown in Figure minimizing the POS to load inductance.
4c. This is consistent with the relative position
and timing of the time resolved, single chordal
interferometry measurements indicating the REFERENCES
position of the density front.

[1] P.J. Goodrich et al., "Microsecond plasma
opening switch experiments on Hawk with an e-beam

SUMMARY diode load," Proc. 9th International Conf. High-Power
Particle Beams, Washington, DC, NTIS
PB92-206168, pp. 609-614, 1992.

POS - load coupling has been investigated [2] JR. Goyer et al., "Improved performance of a
for the 9 cm radius, coaxial POS on ACE 4. A plasma opening switch using a novel anode
high density plasma sheath is observed configuration," IEEE Transactions on Plasma Science,
propagating downstream and in-line of the Vol. 22, no. 3, pp. 242-245, June 1994.

[3] Unpublished ACE 4 data.POS A-K gap at the time of opening. [4] Thompson et al., "ACE 4 Plasma Opening Switch
Comparison of the experimental results with Performance Above 3 MA," unpublished, presented at
computational modeling suggests opening is IEEE ICOPS, June 5, 1996.

not occurring in-line with the POS but in a [5] Coleman et al. "Applications of Optical Emission

region of outward radial expansion. If this I's Spectroscopy, Fast Imaging, and Ion Probes to the
Study of Megamp Plasma Opening Switches (POS),"

the case, preservation of the present ACE 4 submitted to these proceedings.
[6] D. Parks et al., "Plasma Evolution of a POS:
Comparison of Theory and Experiment on ACE 4 and
DMI," submitted to these proceedings.

Chordal and 2-D

Inductive Load

Flashboards

Figure 1. ACE 4 inductive load and diagnostic configuration.
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GAS PRE-IONIZATION SYSTEM
FOR DECADE MODULE 2 PRS EXPERIMENTSt
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Abstract: DECADE Module 2 (DM2) implodes argon gas-puffs in 200-300 ns from
initial radii of 2.5-5 cm to generate K-line radiation. An important issue for these
experiments is the lower-than-expected K-line radiation associated with such large
radius implosions. Preionization may improve the implosion quality by improving the
symmetry of the initial current flow. A preionizer is described based on
photoionization by ultraviolet (UV) illumination from a flashover source. The
preionization is diagnosed using a high-sensitivity interferometer. This UV source
produces 1-10% ionization of the outer periphery of the argon gas distribution prior to
the arrival of the flashboard plasma. DM2 experiments indicate increased, more
reproducible K-shell yields when this preionization system is incorporated.

INTRODUCTION

This work supports Plasma Radiation Source (PRS) experiments on the DECADE
Module 2 (DM2) generator using argon gas puffs and long (< 300 ns) current rise times.1

Long implosion times require relatively large (>5 cm diameter) gas-puff nozzles to maximize
the K-shell yield. The argon density is appropriately smaller given an optimum mass for the
generator current waveform.

Experience with PRS implosions from such large initial radii 2 indicates significantly
diminished K-shell yields from inferior quality implosions. This can be due to the Rayleigh-
Taylor (RT) instability and non-uniform gas breakdown at the onset of the generator pulse.
Theoretical considerations and preliminary experiments indicate that the RT instability can be
at least partially mitigated by employing "filled" rather than hollow initial gas distributions. It
is suggested that symmetric preionization of the argon gas could mitigate the non-uniform
current initiation problem. The design, testing and initial implementation of such a
preionization system is the subject of this paper.

For a pre-ionizing scheme to be effective and practically useful, certain criteria must
be met. These include: (1) azimuthal symmetry, (2) sufficient ionization to support the
generator current at early times (estimated to be 1% or greater for the argon gas density of
interest), (3) hardware which does not interfere with the PRS discharge or diagnostic access,
(4) minimal pre-ionizer plasma in the PRS region, and (5) hardware which survives super-
power generator shots or is easily replaceable. All of the above criteria, except perhaps the
last one, are met by the source described below.

SWork supported by the US Defense Special Weapons Agency
* NRC/NRL Research Associate
** JAYCOR, McLean, VA
* present address: KTech Corp., 901 Pennsylvania NE, Albuquerque, NM 87110
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FLASHBOARD PREIONIZER

The pre-ionizing scheme described here uses flashboard-generated ultraviolet (UV) to
photoionize the argon gas. The photoionization cross section 3 for neutral argon exhibits a
broad maximum exceeding 30 Mbarns in the hv = 16-27 eV range. Similar experiments 4

indicate that over 60 % of the UV emission from such flashboard sources is in the 10-20 eV
range with the remainder emitted primarily between 20 and 70 eV. Thus, there exists a good
match between the range over which the UV source is most powerful and that over which
argon is most susceptible to ionization by UV radiation.

A schematic representation of the preionizer in relation to the DM2 7-cm diameter
"semi-solid" PRS nozzle is shown in Figure 1. The UV source consists of two semicircular
flashboards that form a 19-cm diameter cylinder, 18 cm from the nozzle. The flashboards and
their electrical feeds are made of Kapton-insulated low inductance strip lines. The flashboards
are driven by two capacitor banks (1.8 gtF, 20 kV each), providing - 40 kA peak current. Each
flashboard has two rows of 40, 2 mm - .... ---UV.-Fashboad
flashover gaps. A polyethylene sheet, PLASMA Prelnier

spanning a diameter of the circular AY

preionizer and extending 7.5-cm
axially on either side, is used to block hield 10cm
fast flashboard plasmas to delay .
plasma arrival at the PRS region. The

19 Cm (High-transparency-Irnecessity of this plasma shield was wireney' .shedwswire mesh) - '

established experimentally. The No.zle wires
diameter of the preionizer and its ( current posts)

distance from the PRS nozzle were 18 ,,
* chosen to optimize ionization by UV Figure 1: Schematic representation of 7-cm nozzle and
while avoiding plasma in the PRS preionizer. Posts and mesh are shown for reference only.
region.

PREIONIZATION MEASUREMENTS AND PRELIMINARY DM2 RESULTS

High-sensitivity (Aý >1 0-5 X) laser interferometry 5 is used to measure the neutral gas
distribution and the free electron density produced by preionization. The interferometer gives
the integrated density along a chord at one
distance, y, from the axis and at one 5 =4.0 Gns-on.
distance, z, from the nozzle. The gas 4 y=3.5cm

measurements are made at a sufficient 3 -

number ofy values to determine the radial 2-

gas density distribution via Abel inversion. V
The preionizer is fired about 150 pgs after V ,
gas exits the nozzle. For the laser -
wavelength used here (X = 532 nm), the -2

phase shift per free electron is -12 times C. -3
that per argon atom. Ionization therefore -4 (FB fired at t= 0)

appears as a negative change in the total -5 0 .. 0... ...

phase shift for preionizer shots relative to -150 -e00 _50 0 (0

shots without the preionizer. Example Time (pS)

phase-shift waveforms measured at z = 4 Figure 2: Phase shift with and without preionization.
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cm andy = 3.5 cm are shown in 6 ...z = 4.0 cm optimum timing
Fig. 2. When the total phase shift 5 y = 3.5 cm 10% ionized

is zero, the fractional ionization Gas
(integrated along the laser line-of- - 4
sight) is 8%. The electron line- Electrons

density is determined from the 3 x

difference in the phase shifts, FB Current38 kA -- ---. / i Plasma

therefore even small ionization 38 kA X O
fractions are easily discernible.

The large negative change ..
in the phase shift in Fig. 2 is the o ,------ v
result of both free electrons from
UV preionization and flashboard -5 0 5 10

plasma arriving at the Time (Its)
measurement location. These can Figure 3: Line-density waveforms for gas, electrons and flashboard
be distinguished using the phase plasma, and flashboard-current waveform.

shift measured by firing the flashboard without gas. The phase shifts from gas-only, gas-
preionizer and preionizer-only shots, converted to neutral and electron line densities, are
shown in Fig. 3 over a shorter time interval to emphasize the time range appropriate for firing
the generator, given the above criteria. The flashboard-only line density is a worst case
scenario, since in the real situation, part of this plasma is attenuated by the argon gas in the
PRS region. The flashboard plasma density is insignificant in the PRS region for about 3.5 Pis
after firing the flashboard. At that time, the argon gas is 10% ionized at that location. This is
the optimum time to fire DM2 to maximize the ionization fraction while avoiding flashboard
plasma in the PRS region.

The results in Fig. 3 were obtained at z = 4 cm, y = 3.5 cm, the position in the PRS
region closest to the preionizer and the steepest viewing angle. Both the proximity to the UV
source and the steepness of the angle4 result in higher UV intensity and thus increase the
preionization fraction, while the flashboard plasma arrives first at this location. Less
preionization is expected closer to the nozzle exit. This is illustrated in Figure 4 with data
taken at z = 2 mm from the nozzle. The data in this case are the Abel-inverted gas and
electron densities as a function of
radius at the optimum time indicated 7 I-- 7
in Fig. 3. The percent ionization plot Ar density 150 ps 6shows that the preionization is 6 after gas onset

confined to the outer cm or so of the 5 - 5

gas, consistent with 100-200 iJ/cm2- 'E % ionization

[ts of 16-27 eV radiation7. electron density 4 s
The preionizer system was 3after bank trigger-X

fielded on DM2 for a limited C EN
number of PRS shots. Argon K-shell 2
yields are compared in Fig. 5 for 1 1
shots with load currents of 2.25 +0.1
MA. The plot on the left in Fig. 5 0o 0
compares yields from shots where 0 1 2 3 4
an array of thin wires were placed r(cm)
over the nozzle exit, while the right Figure 4: Neutral argon and electron radial density profiles at
side compares yields from shots t = 150 ps; z = 2 mm.

without wires. Based on these
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preliminary data, one can 2.0 ....................... 2.0........ ................

infer that (1) without wires . . 0

across the nozzle face, the 0 13

yield is significantly 1.5 1.s
depressed unless _3 a .
preionization is used, while

(2) with nozzle wires, the t 1.0 1.0

yield is generally higher but 13

the shots with preionization C 3

define the upper extreme of 0.5 With nozzle wires o0. Without nozzle wires
the scatter envelope. The
improved yield when the • No P,.tI

nozzle wires are employed o.o ........... .0 ............ ........
may be due to the wires 280 280 300 320 340 360 3O 260 280 300 320 340 380 381

acting as electron emitters Implosion Time (ns) Implosion Time (ns)

early in the pulse, thus Figure 5: DM2 data with and without the preionizer.

contributing to the
preionization process via electron-neutral ionizing collisions.

SUMMARY AND CONCLUSIONS

An azimuthally symmetric UV source for preionizing argon gas from a 7 cm diameter
nozzle was designed, built, diagnosed and fielded on DM2 PRS experiments. This source
produces > 1% ionization of the outer periphery of the argon gas distribution with fractions
approaching 10% about 4 cm from the nozzle, prior to the arrival of flashboard plasma in the
PRS region. The flashboard preionizer produces significant plasma of its own but it does not
arrive in the PRS region for at least 3-4 ts.

The issue of survivability was not seriously addressed during these tests. There are
indications from the DM2 shots that the preionizer can be damaged from debris off the PRS
implosions and some measures are being taken to correct the problem. Certainly, for use in
higher energy generators (Decade-Quad, Saturn, etc.), an easily-replaceable, single-shot
version of the preionizer should be designed and tested.

Other preionization techniques may have advantages over the flashover-UV source,
such as electron beams,8 microwaves, discharges,9 etc. These alternate techniques could be
evaluated and diagnosed using the interferometric technique described here.
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THE TIME-DEPENDENT ELECTRON DENSITY AND MAGNETIC FIELD
DISTRIBUTIONS IN A 70-ns PLASMA OPENING SWITCH

A. Weingarten, C. Grabowski, A. Fruchtman, and Y. Maron

Faculty of Physics, Weizinann Institute of Science, Rehovot 76100, Israel

ABSTRACT
The time-dependent two-dimensional electron density distribution is determined for the

first time during the operation of a short-conduction plasma opening switch. The electron
density, resolved in 3-D, is determined from the line intensities of different ions doped into
the plasma. A rise in the electron density followed by a drop is observed to propagate from the
generator towards the load at the proton Alfven velocity. Based on spectroscopic magnetic
field and ion velocity measurements, the density evolution can be explained as pushing of the
protons ahead of the propagating magnetic piston, followed by magnetic field penetration into
the rest of the plasma composed of the lower-density heavier ions.

I. Introduction
Plasma Opening Switches (POS's) are used for voltage and power multiplication and in

inductive energy storage systems that conduct currents during periods ranging from 50 ns to
over 1 lgs[1] before opening into a load. Scaling laws[2] for the POS's were shown to have
good agreement with long-conduction POS experiments. The plasma dynamics in such POS's
have been investigated using laser interferometry[2], and the magnetic field was studied using
B-dot loops[l] and laser induced fluorescence[3]. Studies of short-duration (•100 ns)
POS's[1] were more limited, consisting of current and voltage measurements, studying the
prefilled plasma parameters, and energetic particles emitted from the plasma. Magnetic field
evolution was measured by B loops[l]. In a previous publication[4] we have described the
measurements of the two-dimensional magnetic field penetration into a positive-polarity POS
plasma. The field penetration was quantitatively explained by an EMHD (Hall) model[5],
which used as an input the prefilled plasma density distribution and assumed that ne does not
change appreciably during the current pulse, an assumption supported by previous results [6].

II. Experimental System
Figure 1 shows the POS setup. The diameters of the cathode and anode are 4 and 9 cm,

respectively, and the plasma axial length is 10 cm giving upstream and downstream
inductances of 95 and 25 nH, respectively. A 170 kA, 85 ns quarter-period current pulse (270
kV) is applied by a 1 Q LC-water-line Marx generator. Typical upstream and downstream
currents, measured by Rogowski coils, are shown in Fig. 2b. The plasma is produced using a
cylindrical flashboard that is placed 6.5 cm outside the 85%-transparency anode, and driven
by a 0.9 g.tF, 24 kV capacitor. Two optical systems that image the same plasma section onto
the input slits of two spectrometers are used for observation along the axis. The spatial
resolution in the r and 0 directions are 1 mm and 5 mm, respectively. The light from each
spectrometer output slit is collected by a set of 10 photomultiplier-tubes (PMT's) to provide
time-resolved measurements with a response time of 7 ns (FWHM)

The electron density (ne) of the prefilled plasma, determined in-situ from hydrogen line
Stark broadening and MgII (doping) line ratios, is (2.2±0.5)xl0 4 cm-3 over the entire A-K
gap. The electron temperature (Te), also determined from MgII line ratios, is (5.5±0.5) eV,
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with a plasma injection velocity of (3-10)x10 6 cm/s. The plasma is composed mainly of
protons, with the rest being CIII-CIV ions. Near the cathode, the carbon fraction (Zini/ne) is
only 10%, while closer to the anode, the carbon fraction is -30%.

Flashboar 

fl...

Axial resolution is obtained by Plam ..
observing light emission from a narrow .asmaM

column of impurities injected into the .L C Z

plasm a. A N d:Y A G laser pulse (10 ns -. n M o. Z ..
FW HM , <100 mJ) is used to evaporate P r4,'i

s o lid s d e p o s ite d o n e ith e r o f th e P O S Flpbwd, Sp line oR ,

electrodes creating an impurity plasma Lase, Region SPECTRO-

c o lu m n w ith = 4 5 ' d iv e rg e n c e a n g le th a t Beam P m M METER

flows into the POS region (column width Figure 1 The P05 and spectroscopic
<lcm). systems. M, L and X/2 represent mirrors,

lenses and half-wavelength plate, respectively
III. Experimental Results

The evolution of ne and Te during the POS operation is studied by observing the
intensities of MgII, All, and A1III lines that are emitted from levels of various excitation
energies. The line intensities depend on the axial and radial positions and on the POS
conduction time. In order to study the changes in the densities of the emitting ions, their axial
velocities (vJ) were determined from Doppler shifts, and were seen to remain relatively low
(e.g., the peak v. of CIII is <1X10 7 cm/s). During the pulse, the CIII moves axially <0.4 cm,
which cannot affect n, significantly. Measurement of the radial velocity was not performed in
our experiment, but at all radii (at a given axial position) the temporal behavior of the
intensity is similar to within 25 ns. For the ions to cross the A-K gap requires that they would
acquire a radial velocity -lxl08 cm/s; with the measured v, of CIII this implies a divergence
angle of •60, which is very unlikely.

Figure 2a shows the time-dependent level populations of the MglI 3p level (4.4 eV), the
AIII 4s 1S level (11.8 eV), and the AIIII 4p level (17.9 eV), observed at the r=2.5 cm, z=0
(defined as the POS axial center, where negative z is towards the generator) with similar POS
operation (shown in Fig. 2b). The intensity of all three lines increases, but the increase is
larger for the higher levels, and the lines start to drop simultaneously at t=(46+3) ns.

a) 150 b)

--0.61 ............. i r A<ii 
I62 (X)51

F ,= 1.9 6 . 9

80 20 1 61 8 
20 40 60 80 1W 0 120

Time (ns) 

Tie (ins)

Figure 2. a) The time dependent intensity of an MgII line (solid), A111 line (dashed), and AIIIIline (dotted) during the POS operation. b) The generator (Iup) and load (Idow) ncurrents.
Assuming that the density of the light-emitting ions does not change during the pulse,and by treating the three lines self consistently using detailed collisional-radiativecalculations, we found that at t=46 ns, Te increases to 12 eV while n, decreases by 15%.Ionization can affect the ion density by only a few percent since the ionization times of A~lul,
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Al1, and MgII at these ne and Te are 4 Rs, 250 ns, and 180 ns, respectively. Furthermore, the
intensity drop does not result from cooling of the electrons, since the AIIII is much more
sensitive to T, variations than MgII. A self-consistent treatment of the three lines at t=70 ns
yields ne=2.5x 1013 cm 3 and T, =15 eV.

A similar procedure at each r,z position for three different times yields the n, contours in
the r-z plane shown in Figure 3. In all these shots, the POS conduction time is 65±10 ns, and
the opening time is 15±3 ns. The initial ne was taken to be 2.2x1014 cm 3 at -3.5<z<3.5 cm,
and 1.XIx014 cm 3 at z=+5.2 cm. The contours show that n, increases before dropping. The
drop propagates from the generator side towards the load, but the propagation is diagonal, i.e.,
ne drops earlier at the smaller radii. The propagation velocity is (1.5-2.5)x 108 cm/s.

4 150 fs Anode (r=4.5 cm) 4. A•l,,& (1-4 5 cm1 4 -0. os Anode (r=-4.5 cm)

3.0 4 , 43.0
a) 2.22.40x.8

1..2.02. 
0-, .

.90 1

1.4 IIC S.(0 CI.20 .1 1
2 NO O.600.70

3.0 3.2 260 3.0 0.5 I
0.60\1'00 1.4/
\0.801 .20 0.40 0.30 /

2.5 0.40 \ 25 2.5 .O 0.70
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-4 -2 0 2 4 6 -4 -2 0 2 4 6 -4 -2 0 2 4 6
Cathode (r=2 cmi) z (cmin) Camlhode (=12 cmli) Z (Cl) Cathode (r=2 cm) z (cmi)

Figure 3. n, contours in units of 1014 cm"3, for a conduction time of 65±10 ns, at a) t=50 ns; b)
t=70 ns; c) t=90 ns. Negative z is towards the generator and the short-circuit load is at z=+15 cm.

At t=50 ns, ne already dropped considerably at the generator-cathode side of the
prefilled region but it increases at the load side, especially at the cathode side. At t=70 ns,
when some current is already measured at the load, ne decreases also at the load side of the
plasma but only near the cathode. At t=90 ns, when the full current flows to the load, ne drops
everywhere to 10-30% of its initial value, except for a small region at the load-anode side.

The magnetic field (B) is measured from the Zeeman splitting of the 5609 A line (7p-7s
transition) of PbII ions doped into the plasma. The spectral profiles of the nt components (light
polarized along B, in the 0 direction) and the (Y components (light polarized perpendicular to
B, in the r direction) are observed simultaneously at each position with the two spectrometers.
The two profiles are fitted self-consistently assuming a Doppler broadening and Zeeman
splitting to obtain B. An example of B and ne is presented in Fig. 4. At this position, as in all
other positions, the electron density starts to drop with the rise of the magnetic field.

2.5

Figure 4. The time dependent magnetic .2,))

field (dashed line, left axis) and the n, (solid 6 -. "
line, right axis) at z=-3.5 cm, r=3 cm. The ,
density starts to drop together with the ___ .06

penetration of the magnetic field. 0.5

I).))
0I0 20 30 40 50 60 70)

I(ns)

The velocities of carbon and doped ions of various masses and charges were studied
from Doppler shifts, and the proton velocity was determined from time-of-flight
measurements using an array of 4 magnetically-insulated Faraday cups inserted into the
plasma (in a similar manner to that which was used to study the ion flow in the vacuum
section between the plasma and the load [7]). Since the Faraday cups are saturated within a
few ns, only the velocity of the fastest protons can be determined. The proton axial velocity is
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observed to be (3.5±1)x10 8 cm/s. However, these measurements should be taken with a grain
of salt since the velocity obtained may be the propagation velocity of the magnetic piston.

IV. Discussion
The models that describe the POS conduction account for the plasma dynamics in two

different limits. In the limit of large plasma pushing all the ions are pushed by the propagating
magnetic piston to the same velocity, which is between the Alfven velocity (vA) (in the case of
specular reflection[8]) and VA/,12 (in the case of a snowplow[2]). In the other limit, where
EMHD[5] theory is valid, the magnetic field penetrates into the plasma faster than VA and the
ions are almost immobile. At our POS and plasma parameters, the conditions for neither of
these limits are satisfied, and both ion pushing and field penetration effects can occur. Indeed,
the density was shown to increase and then decrease, a behavior similar to that observed in
longer conduction-time POS's where it was explained as MHD pushing followed by EMHD
effects[2]. In our experiment, the velocities of the heavy ions are low and their motion is
small. Only the protons may move significantly on this short time scale, a motion that results
in a drop of the electron density by the factor determined by the fraction of protons in the
plasma. This is consistent with the fact that the density does not drop to zero, and that the
decrease at larger radii is smaller, since the proton fraction is smaller at larger radii.

The magnetic field measurements indicate that protons are pushed by the magnetic
piston, since the density increases ahead of B, and at each position B penetrates into the
plasma together with the drop in ne. However, the mechanism for the different behavior of the
protons and heavier ions is not clear yet. The dynamics of a multi-component plasma
interacting with magnetic pressure were described by Mendel[9] in the context of plasma-
filled ion diodes. The magnetic pressure developed in the magnetic piston propagating
through the plasma pushes the electrons and the ions that have kinetic energy smaller than the
Hall potential (in the piston frame-of-reference). Ions with larger energy, namely the heavier
ions, can "climb" the potential hill and stay behind the piston. In the laboratory frame the
reflected ions would acquire a high velocity (-vA) while the heavy ions acquire a much lower
velocity, depending on the time they spend inside the piston. However, in our experiment the
density of the plasma composed of carbon ions and electrons is quite high, a few times 1013

cm 3 , and the mechanism for such plasma-leakage across the piston is not understood as yet.
Another question is the mechanism of the magnetic field penetration into the dilute

plasma. The proton pushing results in the formation of a relatively low-density carbon plasma.
The magnetic field can penetrate into such plasma according to EMHD theory. The Hall
penetration velocity for a coaxial geometry and a uniform ne is given by[5]: vH=cB/(4nnmeer).
For our initial ne, vH= 7 x 107 cm/s, but after the density drops this velocity becomes much
higher, and the field can penetrate rapidly into the dilute carbon plasma. We emphasize that
considerable theoretical work is still required in order to fully understand the observations.

I B. V. Weber, et. al., IEEE Trans. Plasma Sci., 19, 757 (1991) and references therein.
2 B. V. Weber, et. al., Phys. Plasmas 2, 3893 (1995) and references therein.
3 G. G. Spanjers, et. al., IEEE Int. Conf. on Plasma Sci., 160 (Madison, WI, USA, 1995).
"4 R. Shpitalnik, et. al., Phys. Plasmas 5, 792 (1998).
5 A. Fruchtman and K. Gomberoff, Phys. Fluids B 5, 2371 (1993).
6 M. Sarfaty et. al., Phys. Plasmas 2, 2122 (1995).
7 Ya. E. Krasik and A. Weingarten, IEEE Trans. Plasma Science 26, 208 (1998).
8 M. N. Rosenbluth, in "Progress in Nuclear Energy, Series XI: Plasma Physics and Thermonuclear Fusion
research)", (Pergamon, London, 1963), Vol. 2, pp. 217-277.
9 C. W. Mendel, Jr., Phys. Rev. A 27, 3258 (1983).
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ELECTRODYNAMICS OF A MICROSECOND
PLASMA OPENING SWITCH.

O.Zabaidullin and M.Nitishinskii
Institute of Nuclear Fusion, Russian Research Centre,

"Kurchatov Institute", 123182, Moscow, Russia

Abstract

Dynamics of a Plasma Opening Switch (POS), operating like a plasma piston and of a microsecond
POS are numerically studing. Dependance of the conduction phase time versus both a number of
particles in a plasma bridge cross-section and an electron magnetization value ( Hall parameter) near
a cathode is found. Results of modeling indicate, that the phenomena of rarefied gap production
could be described in the frame of magneto hydrodynamic (MHD) with account of the Hall effect,
without using the erosion theory [1].

As known, a POS is the integral part of an Inductive Energy Storage (IES) system. Development
of IES systems demands creation of the POS with predictable output characteristics. The present work
as the previous [2, 3] is devoted to derivation of the POS conduction scaling. For this reason the 2-D

two-fluid MHD code is run in the coaxial symmetry. The initial POS conditions are chosen to reproduce
two types of POS operation: I) MHD regime, plasma accelerates as a whole by the J x B force (Fig.1).
II) the Hall regime, characterised by high influence of the Hall effect (Fig.2).

The 2-D two-fluid MHD system with account of the Hall effect contains the following equations:
a) equation of the plasma density n:

O- div(nV), (1)

at
b,c) equations of the plasma velocity V = (Vr, V7) components

O(nmiV,) Hp, O(rH,) _ (rminV3 ) O(minVrVz) 2 a(nT)
at 47r rOr rOr az "r ' (2)

a(nmiVz) = 1 a(H2) a(minV.) a(7rminVrVz) 2a(nT)2 ~T (3)
at 87r az az ror az

Here mi is the average ion mass in the plasma.
d) equation of the plasma temperature T :

3 8(nT) = -3div(nTV) - 2nTdiv(V), (4)

at

e) equation of the magnetic field H,,:

aH -= V x (V x Hp) - V x x (V x H -Vx ( 4-C(V x H)), (5)

where a is the Spitser coefficient of the plasma conductivity.
g) Maxwell equation for the current density:

- (V x H,,). (6)
47r

It is supposed: (1) the gap formation takes place near the cathode. The simulations are carrying
out in the region near the cathode [Rc = 2.5 cm, R,,t = 18 cm] and [Z0 = 0 cm, Z1oad = 30 cm]. The
plasma width I = 18 cm. (2) the influence of the near-anode dynamics is negligible. (3) the value of
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generator current, l, IS constant. At initial moment thle magnetic field already exists and is blocked by
the uniform plasma bridge of some density (Fig.Ia). The system (1-6) is solved in the dimensionless form.
The dimensionless parameters of two-fluid MHD equations are the following: the time scale of the task,
TA = 51R, v'471rn /IA; the number of electrons in a plasma cross-section, Hi = 4irne 2I2/(mgc 2 ); the Hall
parameter, (wr)i, = 1.23 10"1 gTS1/2/(Ren,). Simulations are carried out for (wr)j. = 10, It = 200kA
and hydrogen plasma, ni = ne. The plasma density is the unique modifying parameter.

The results of POS modeling, operating like MHD piston is shown on the Fig.1. In this case Ii = 100
or ne = 8.5 1015 cm-3 . In the fig.1 the central line is the cathode. Distribution of the magnetic field is
shown at the right part and of the plasma density is at the left part. Darker color corresponds to higher
value. The numerical value on the fig.1 is the ratio tITA. Magnetic field propagates along the cathode
and pushes the plasma by the force J x B to the discharge volume.

The results of POS modeling, operating in opening regime are shown in the Fig.2. In this case
fli = 2.5 10-3 or n. = 2.5 10" cm- 3 . One can see, that due to the Hall effect the magnetic field
penetrates into the plasma and pushes it in directions to the cathode and to the anode. This leads to
production of the rarefied plasma gap in the discharge volume. It is important, that the gap formation is
obtained for initially uniform plasma density, while in the work [3] the gap formation was demonstrated
for a plasma density with some gradient near the cathode. The present results of modeling correlate
better with the work [4] and show another mechanism of the gap production, than the erosion one [1].

The experimental results of the experiment [5] are given in the Fig.3. The characteristic discharge
time in the fig.3 is 2 psec. In the Fig.3a the solid line corresponds to the generator current, while dashed
line corresponds to the short-circuit current. The time dependance of the ion flux density to the cathode,
measured under a plasma guns is shown in the fig.36. The same dependance is in the Fig.3B, but the ion
flux is measured between the plasma guns and a load. The Fig.3r presents the development of the radial
gap formation, measured from the load side of coaxial POS. This picture was obtained by electron image
streak camera in Haipha lines of plasma luminescence. The simulated plasma behaviour in the fig.2 are
in agreement with the experimental data in fig.3r.

ROE,,

Fig.3: (a)The generator and the short-curcit current,
(6,B) the ion flux to the catode,

(r) the streak camera photo of gap formation.
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GENERATION OF AN ANNULAR REB OF MICROSECOND
PULSE DURATION AND STABILIZED TRANSVERSE DIMENSIONS

IN A DIODE WITH A FIELD-EMISSION CATHODE

O.T.Loza and P.S.Strelkov

General Physics Institute, Russian Academy of Sciences,
Vavilova str. 38, Moscow, 117942, Russia

Principles of a diode based on a cold-emission cathode are presented. A
combination of the diode geometry and magnetic field lines profile prevents the
cathode plasma radial movement and allows to generate high-current annular
REBs with invariable cross section during microsecond time intervals.

High-current relativistic electron beams are usually generated by field-emission cathodes.
Application of a cold cathode allows to produce REBs with much higher electron current
densities (- 104 A/cm2) than with thermoionic cathodes (< 102 A/cm 2). The disadvantage of
field emission cathodes is that the emitting edge of plasma expands across guiding magnetic
field lines, causing an increase of the electron beam radius. The velocity of the transverse (in
respect to magnetic field) plasma extension is about several millimeters per microsecond, that
may be crucial for utilization, e.g. in microwave devices of microsecond pulse duration [1].

There were several approaches on the way of solving the problem of REB expansion
across magnetic field lines in the course of microsecond pulses. Researchers in many
laboratories applied cathodes of different materials and shapes (one of the most popular was a
conical cathode), adjusted the geometry of magnetic and electric fields to that of the cathode
(e.g. in [2]). The cathodes in use have sometimes very sophisticated form, like the multipoint
cathode [3]. The results demonstrated in [2,3] were impressive, nevertheless to clone a diode
like that is a difficult task: "a very careful choice of electric and magnetic field shapes is
needed": [3]. In this report we propose a comparatively easy and cheap way to create a diode
able to generate annular REBs with electron current densities of several kA/cm 2 and

microsecond pulse duration.
vFig. 1 illustrates the design of the diode.
vacuum chamber Here and further the pictures are azimuthally
3 symmetric about z-axis. The shank supports

the cathode inside a long drift tube where
the magnetic field is strong (- 1.5 - 2 T) and

"shank 1 cathode homogeneous. Such a construction forms
....-... ............- ....-. > the well-known magnetically-insulated diode

Z axis that allows to avoid the influence of
Fig. 1. Scheme of the diode, longitudinal (along the magnetic field)

plasma propagation. In the vacuum chamber where the shank was installed, the profile of the
magnetic field lines could be different and determined the value of the return current from the
cathode and the presence of electrons emitted from the shank.
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With the cathode potential of 500 kV the electric field on the spherical surface of the
shank exceeds a little the value of 50 kV/cm, and in the regime #1 (comparatively strong
magnetic field near the shank) electrons emitted from its surface can penetrate into the drift
tube around the REB from the cathode. The return diode current is determined by the leakage
of electron from the shank. In the regime #3 (magnetic field lines from the cathode are
dispersed to the chamber walls) the return diode current comprises both electrons from the
cathode and from the shank, increasing the total return current in comparison with the regime
#1. The regime #2 is intermediate between the previous two ones: the return current from the
cathode almost vanishes, but the electrons from the shank do not penetrate into the drift tube.

B The mechanism of electron beam
REB REB expansion is illustrated in Fig. 2, briefly it is the

I plasma following. Heating of the cathode surface at the

outer radius (horizontal in Fig. 2) due to the
.Z..axis electron emission initiates creation of dense

Fig. 2. Scheme of the radial plasma plasma. At the right and left cathode edges
expansion. plasma may move along the magnetic field

lines, but for the centrally located particles,
suffering collisions with identical "neighbors" from left and right, as well as from below, the
only one way to expand remains: upwards to higher radii. In other words, the kinetic pressure
pushes plasma perpendicularly to the outer cathode surface overcoming the magnetic field
pressure. Plasma expands, and the radius of the REB increases as well. The amount of plasma
depends, among other things, on the total current through the cathode, hence, if the return
current from the cathode is significant (regime #3 in Fig. 1) the process of plasma creation has
to be more intensive.

In order to avoid the described mechanism of plasma (and REB) expansion along the
radius we propose to use cathodes with a sharp edge directed perpendicularly to the magnetic

field lines (unlike the well-known cylindrical
REB REB cathodes with the edge along the axis), as it is
Z-*--•__,paa plasma .p--n-• shown in Fig. 3. The cathode is supposed to be

cathode used in a magnetically-insulated diode.

shank _ Z axis Under the action of electron emission
.............. - - - - - .. ------------ -----*> plasma appears on the cathode surface. Plasma
Fig. 3. Principle of operation of a covers not only the very edge, but also (and

cathode without radial plasma mostly) the adjacent areas, because the current
expansion. density is finite, and in order to generate a

certain total current an appropriate square of
the surface must be engaged in the process. Unlike the scheme described in Fig. 2, the most
part of plasma has a possibility to propagate along the magnetic field lines. The velocity of the
longitudinal plasma propagation is at least one order more than its speed across the magnetic
field (- 10' cm/s), the density (and, therefore, the kinetic pressure) diminishes, and plasma has
no "strength" to overcome the magnetic field pressure and has to move along the axis. And
the amount of plasma appeared on the outer border of the cathode is as little as sharp the edge
is, and after even a minor expansion its density is absolutely insufficient to contribute distinctly
to the total REB current.

In our long-term investigations since [4] we tested a lot of cathodes of different shapes
and sizes, fabricated from different materials, but sharing the common property of a sharp
edge at the external radius. In this report we present one of the simplest and cheapest samples
that nevertheless exhibits advantages of the proposed cathode shape. The cathode is made of
stainless steel, its shape is shown in Fig. 3, the external radius is 1.4 cm, the angle at the edge
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about 5', the edge thickness 0.2 mm. The cathode was immersed into a drift tube with the
radius of 5.5 cm. Cathode voltage was about 500 kV, its waveform (denoted as U) is shown in
Fig. 4. The homogeneous magnetic field in the drift tube was 1.8 T.

The construction of the
25M 1, Au, kv- 500 monitor of the REB current

Udensity was described in [5].
2Woo 4oo Briefly, a part of an annular beam

current passes through a radial
1501 300 slit (1 mm) and terminates on

several collectors, distributed

10001 200 over radius with the step of
1 mm. In the present work seven
collectors were in use.5W0 r 100

The waveform of the total
n4 current to the collectors is shown

-220 -20 180 380 580 780 980 1180 1380 in Fig. 4 (denoted as I), its actual

Fig. 4. Waveforms of cathode voltage U and REB amplitude is multiplied by the

current in the monitor I (normalized). ratio of the annular beam
circumference length (27t. 14 mm)

to the monitor input slit thickness (1 mm). The shape of this waveform corresponds to that of
voltage, the total beam current amplitude generated in the diode was 2.1 kA.

The result of measurements is shown in Fig. 5. The bar graphs present in arbitrary units

1.6 [Eli mm

1.42 iL12 mml' ~1013 mmi!
1.2 +I 14 min

1E15 mini
It I 816mm;

0.8+ L-M17 mmi

0.6--

0.4-

0.2 X

0
200 400 600 800 1000

time, ns

Fig. 5. Radial distributions of REB current density at different
moments.

the beam current density distributions 200 ns, 400 ns, etc. after the beginning of the REB
propagation. Total current of the beam diminishes in the course of the pulse, as it is shown in
Fig. 4, so the distributions are normalized. The profile of the magnetic field in the diode
corresponds to the regime #2 in Fig. 1: the return current from the cathode is comparatively
(to regime #3) small, and the electrons emitted from the shank should not penetrate into the
drift tube.

In the course of all the pulse the beam current density remains distributed in
approximately the same way: it has a sharp border at the external radius (that coincides with
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14 mm of the cathode radius) and decreases toward the axis. The thickness of the annular
beam at half-height is about 2 mm. The electrons emitted from the shank do not penetrate into
the drift tube in the course of the pulse. Only by the very end (see the distribution marked as
"1000 ns") at the outer radii 15-17 mm there begins to appear some electron flux.

CONCLUSION

A design of a diode based on a field emission cathode is proposed. The diode is able to
generate high-current REB in guiding magnetic field during microsecond time intervals
preserving the geometry of the beam. The main idea how to prevent the expansion of a
microsecond high-current REB is as follows.

An annular REB changes its radius in time if cathode plasma crosses magnetic field lines.
Plasma diffuses through magnetic field if its density is sufficiently high. The highest density is
in the nearest vicinity of the cathode surface, hence, plasma tends to expand normally to the
surface. Let all the surface be normal to the magnetic field, and plasma will expand along the
field lines. Comparatively high velocity of such a movement, unimpeded by the field, will
diminish plasma density and disable plasma to cross magnetic field lines.

In the proposed geometry of the cathode not absohltely all the surface is normal to the
magnetic field. Nevertheless, the current density from the surface is finite, hence, to generate a
certain total current, the emitting surface can not be less than some. Therefore, if almost all
the surface is normal to the magnetic field, as it is in the proposed design of the cathode with
the sharp edge at the external border, the generated REB preserves its shape in the course of
microsecond pulse.

REFERENCES

[1]. Digest of technical papers: Int. Workshop on High Power Microwave Generation and
Pulse Shortening, June 10-12, 1997, Edinburg, UK.

[2]. R.M.Stringfield, R.J.Faehl, M.V.Fazio, et al. "The development of a one microsecond
pulse length, repetitively pulsed, high-power modulator and a long-pulse electron beam
diode for the production of intense microwaves". Proc. of 9-th Int. Conf On High-power
Particle Beams (BEAMS'92), Washington, DC, USA, v. 1, p. 6 8 8-6 9 3 .

[3]. V.I.Engelko, N.G.Beruchev, V.V.Ershov, et al. "High-current accelerator "Sirius" with
electron beam current of 2 kA, electron energy of MeV-range and pulse duration of
50 pas", the same volume, p.436-442.

[4]. P.S.Strelkov, O.T.Loza, S.N.Voronkov. Patent of Russian Federation #2030135, priority
since May 8, 1992.

[5]. S.N.Voronkov, O.T.Loza, A.A.Ravaev, et al. "Measurement of the radial profile of a
relativistic electron beam generated by a magnetically insulated diode". Sov. J. Plasma
Phys., vol.14, #10, pp.737-739, 1988.

-360-
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ABSTRACT: A study of IREB-driven strong Langmuir turbulence fields in a plasma after

the IREB passed through the plasma was carried out by measuring deflection of a weak low-

energy electron probe beam injected across the plasma. The preliminary results are discussed

here.

1. INTRODUCTION

Studies of the high frequency strong electrostatic fields existing even after an intense rela-

tivistic electron beam (IREB) passes through the plasma are being carried out. Theories and

numerical simulations [1] have shown that cavitons are formed in a plasma if large amplitude

Langmuir waves are excited. Cavitons are defined as spatially localized volumes with density

depletion in which large amplitude electrostatic fields are trapped. The state has been referred to

as the strong Langmuir turbulence state, and can be driven by injection of an IREB into a plasma.

Our previous experiment showed that high frequency strong electric fields with Gaussian distri-

bution existed in the plasma and that the fields lasted for much longer time than 300 nsec after

the IREB passed through the plasma [2]. Other data indicate that the cavitons play an important

role for IREB scattering [3], for background plasma heating [4], and for generation of broad-

band microwaves [5, 6].

A weak low-energy electron beam (probe beam) was injected across the plasma to measure

the turbulence electric fields. In absence of a longitudinal static magnetic field the probe beam

can pass through the plasma without bending. Rough estimation was carried out on a deflection

angle of the probe beam due to turbulence fields, i.e. caviton fields. The estimation was based on

the data obtained in a previous experiment [2] that the strong field regions occupied a few

percent of the plasma volume and that the typical field strength was 50 kV/cm. By assuming the

caviton size to be 0.9 mm, which is 20 Debye-lengths, the number density of cavitons was

estimated to be 8.8 cm-3 . The probability for a probe beam electron to collide with cavitons is

about 1.1, and the deflection angle is from -3.3 to 3.3 deg. for probe beam energy of 50 keV.
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2. EXPERIMENTAL SETUP

The setup of the experimental apparatus is shown in Fig. 1. An IREB source generated a

pulse of 1.5 MeV, 30 kA, and 30 nsec into a matched load. A drift chamber of 16 cm in diameter

was served as an interaction space. A plasma was produced with a couple of rail type guns,

which were set opposite to each other at z = 8.5 cm downstream from the anode foil. The cham-

ber was filled up with the plasma in - 12 [ts after the discharge of the plasma guns. The target

plasma for IREB injection was changed by selecting the delay time, T, of injection of IREB

from the beginning of the discharge of the plasma guns. We selected four x's. The plasma densi-
ties for each selectedr were np = 1.2 x 1012 cm-' (-r= 20 as), np= 4.1 x 10l1 cm-3 (r= 40 [ts), np

= 1.3 x 10 ncm-3 (-r= 60 uts), and np = 1.0 x 1010 cm-3 (Tr= 100 us) atz-= 30.5 cm. The IREB was

injected into the plasma through a titanium foil of thickness of 20 [tm. The IREB current in the

interaction region was about 10 kA. The ratio of beam density to plasma density, nb/np, at the

axis of plasma column at the z were 0.003, 0.01, 0.05, and 0.5, respectively.

A short-focus electron gun with a conical grid and a hairpin-type cathode was used for the

probe beam source. The acceleration voltage for the probe beam was 30 - 50 kV with the pulse

duration of 150 ns and the current of- 50 mA. The probe beam was injected across the plasma

at z = 30.5 cm. The probe beam was detected with a phosphor screen and its luminescence was

photographed. The total path length of the probe beam was 56 cm. The diameter of the probe

beam was - 2.5 cm at the screen position under vacuum. The divergence of the probe beam was

observed to be suppressed when a plasma existed in the background. The diameter at screen was

depended on the plasma density and varied from 25 mm to - 3 mm. The phosphor screen was 6
Cathode Anode Foil

Plasma Gun Blackout Curtain

•_• •Camera

Electron Gun r•• 30.5

160-40-ED

2 Radiation Shield
Iris 3 (30x70) •Phosphor ScreenIrisl1(8035) / 7\Iris 2(30070)

to Vacuum Pump

Fig. 1 Experimental apparatus for the IREB-plasma interaction. Probe beam was
injected transversely to the axis of the main chamber at 30.5 cm downstream from
the anode foil of the IREB diode.
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Fig. 2 The examples of the photograph Fig. 3 The cathode voltages of an IREB diode,
when an IREB injected. (a) under vaccum, and an electron gun for the probing. The 6 was
(b) under existance of the plasma at -r = taken as a parameter. For example, 6 - 100 ns in
100 [ts. this case.

cm in diameter and the surface was coated by carbon spray.

When the IREB was injected the phosphor screen was observed to brighten. Figure 2 (a) and

(b) are photographs of screen brightened by IREB injection into vacuum and plasma, respec-

tively. The lightness was suppressed under the existence of plasma. Photographs of probe beam

image were taken with the lens opening off-= 11.

3. RESULTS AND DISCUSSION

To study the behavior of the electric fields after the IREB passed through the plasma, we took

as a parameter, 6, the time interval between the injection of the IREB and that of the beam probe
(see Fig. 3). The center of a spot image before IREB injection was taken as the datum point of

the beam on the screen. The center of the image was observed to shift when the IREB was

injected into the plasma. In most cases the shift dumped a few microseconds after the IREB

passed through the plasma. The shift was more than 6 cm for the dense plasma at r = 40 [ts. The

shift at IREB injection might be due to magnetic fields induced by internal currents in the plasma.

The image of the beam pattern was investigated carefully at -r= 100 Rs (np = 1.0 x 1010 cm-3).

Examples of the beam pattern are shown in Figs. 4 (a), (b) and (c), where the 6 = - 3.8 Jts, 550

ns and 1100 ns, respectively. The datum point is indicated by a cross on each photograph. The

unperturbed image that had diameter of about 2 cm was observed on (a). Largest broadening for

"r = 100 Ris was observed on (b). Shrinking of the images was observed on (c). The beam patterns

for r = 20 [ts, Tr- 60 lus and -r = 100 pts are shown in Figs. 5 (a), (b) and (c), which were obtained at

6 - 300 ns. The broadening became larger as -" increased. The maximum broadening of the

image was observed to take place for the plasma at Tr = 100 gs.
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Fig. 4 The images of beam pattern for various 6. T= 100 Vs.

//4195 #4189 :1;4873

Fig. 5 The images of beam pattern for various Tr. 6 - 300 ns.

The broadening was so large for the plasma at -r = 100 [is that the shift of the center of the

image during the probe beam pulse, 150 ns, was not recognizable. From the estimation using the

caviton model, broadening of 10 mm on the screen corresponds to the caviton field of about 15

kV/cm. So the centimeter-order broadening observed in the experiment was as expected.

Generally the deflection angle would be in proportion to the electric field strength and length
of the field region. Also the coherency of the fields on the path of the probe beam may be
important. The knowledge on strength of the background waves in a system [1] must be impor-

tant, because these waves may also contribute to the deflection of the probe beam. A full detail

will be studied in the future experiments.

The authors would like to thank T. Kondoh for his assistance of during the experiments.
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Abstract

In microwave-emitting slow wave structures relativistic electrons resonating can
scatter from background turbulence. The scattering rate from strong fields can be
characterized by a single mean correlation length. Comparison with recent data from
a Backward Wave Oscillator, using the measured magnitude of E-fields, shows agree-
ment with the magnitude of outward scattering. The implied correlation lengths
then explain why gas ionization in the same oscillator does not proceed exponen-
tially, as earlier work showed was expected but not observed. Plasma electrons scat-
tered over the correlation length cannot gain the necessary energy to ionize many
gas atoms. These results suggest that inadvertently produced plasmas may have a
quick, decisive effect on beam geometry, ending microwave emission prematurely. A
full version of this work is in Ref. (17).

1. Introduction

There appear to be at least four plausible explanations of pulse shortening in high power
microwave devices'-'. Three involve production of plasma which destroys the effective
corrugated geometry, either by

(1) beam bombardment of walls, or
(2) extraction of plasma by strong electric fields, or
(3) in plasma-filled devices, further generation of plasma from ambient gas by strong

oscillating E-fields.
A fourth possibility is that the strong microwave fields disrupt the beam particle

orbits so that it cannot emit through the slow-wave coupling. This could arise from an
instability, or simply by perturbing the beam electron orbits so much that they oscillate,
reverse, etc.

Beam geometry disruption is the most direct way to cut off emission. Cross-B diffusion
can do this from a variety of electric modes excited. Magnetic filamentation can destroy
cylindrical symmetry, but requires a background plasma for instability. These seem the
most probable instabilities which can cause emission cutoff.

Zhai et al.' reported emerging wall plasma in BWOs, measured by spectral lines of
H and C (earliest, probably from anode-cathode and-wall) and Cu (later, from the wall).
All neutral atom radiation appeared about 100 ns after microwave cessation, with copper
from the wall 200 ns. afterward. Emission came first at the narrow portion. If copper
then moved along the magnetic field to the wide portion, the implied Ti '- keV.

Later work on the same device yielded the first measurements of the oscillating elec-
tric fields during the beam pulse.9 They used Stark effect lines in a plasma-filled BWO.
Strengths as high as 34 kV/cm accompanied 75 MW microwaves througout the 60 ns.
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power pulse, with lower frequency fields of 10 kV/cm persisting until beam shutoff, pre-
sumably from Gould-Trivelpiece modes. As well, measurements in the same BWO struc-
ture of beam expansion showed a profound broadening in the beam profile.,' 10 Plainly
many such effects are interrelated.

Damage profiles in the vacuum BWO showed no broadening of the 2 mm annulus.
Addition of 100 Torr. helium-produced plasma of density 10"3 cm- 3 within ,-' 200 ns.
Damage profiles showed outward radial expansion by 2 mm and little inward motion
(within the error of 0.3 mm). Note that 2 mm takes a beam electron beyond the innermost
wall of the ripple, suggesting scattering after the beam has left the BWO region.

Refs. [8-11] found three significant observed facts:
(a) GHz electric fields permeate the BWO region of strength "' 35 kV/cm;
(b) despite these, plasma ionization increases only linearly, not exponentially as sug-

gested by conventional theory;
(c) damage plates show outward beam expansion only when plasma is present.
This paper aims to reconcile these observations by calculating the rate of beam ex-

pansion in high fields.

2. Comparison with Experiment

Measuring radial excursion of relativistic beams is notoriously difficult because a witness
plate adds damage of all the beam pulse, whereas we seek knowledge of the microwave-
emitting pulse time. However , while microwaves cease after tp, Langmuir turbulence
persists for ,-i gus, so beam scattering over this time will dominate damage patterns.
Assuming this, we now compare with observed beam broadening. Garate & Zhai(1 °)
found outward scattering with little inward beam broadening, arising perhaps from an
unknown gradient. Observed broadening out to the inner BWO structure implies that
beam-wall collisions are a major source of added plasma after scattering begins.

Quasilinear scattering scaled to the relativistic Backward Wave Oscillator yields

- (E/35 kV/cm)2 ( L c) {tan2 V) (1)

a(B/15 kG) 2  16.5 cml " 0.6cm/

Here the wave-electron mean correlation length f is multiplied by the volume fraction
of the turbulent fields, f. For an annulus the characteristic length a is the annular width.

Garate & Zhai(1°) measured beam expansion in an operating BWO, finding that an 18
mm - diameter annulus of 2 mm width expanded mostly outward by 2 mm when 100 mT
of helium was added to introduce a plasma. The measured plasma density was - 5 X 1012

cm- 3 at microwave emission onset and rose at An/At -, 5 x 101° (cm 3 - ns)-' thereafter.
The observed expansion (Ax/a) - 1 requires, for our typical scaling values of E, B and L

(E/35 kV/cm)2  0.4 cm
(B/15 kG)2) (tan2 ' (2)

Allowing for the simultaneous presence of both Trivelpiece- Gould (TG) modes and
Langmuir (L) wave turbulence, we can write, with appropriate correlation lengths,

2)) a0.4 c (3)
(fTG£TG (EIG) + fLL ( ) 

(3)n~-
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where the field energy densities are normalized to (35 kV/crn)2 . Previous measurements
on thia §ax BWo(9 ,11,12,13 ) imply (E) a 100 kV/cm at maximum emitted power. Earlier
observatiohs(14) found fL P, 0.1, though in a helium plasma without the BWO oscillator.
These results roughly imply that (fE 2 ) -. 1, so we require (1) . 0.4 cm/(tan 2 0), and
cathode measurements show that (tan24') ,,_ 1.

For comparison, the beam electron gyration radius isr, = 0.2 cm (B/15 kG)- 1 (sin 0)
and the typical scale of strong Langmuir turbulence, (14) D 100 AD = 7.4 10- 2cm T

where TV' is in electron volts and n12 plasma density in units of 1012 cm-3. Thus to
explain the observed scattering we need wave-electron correlations on the scale of r.,
though large Langmuir structures 103 AD could suffice as well.

The implied scattering time t,, /c - 7 x 10 13 s has further implications for plasma
production by the E-fields, as observed by Zhai et al.("s) Straightforward ionization cal-
culations imply rapid exponential growth, but only moderate linear growth appeared,
though at a rate 5 times the direct beam rate.

E-field turbulence implied by beam scattering explains this. Oscillating fields can
drive plasma electrons to very high velocities in the - 35 lv fields, but they are scat-
tered by turbulence in a time t* -,,/vt,, with vt, the electron thermal speed. The
customary ionization rate for helium, v1, z (v/GHz) 109 s-1 must be modified by a factor
< (vi t*)- 1 - 0.2, so the true ionization rate in the presence of turbulence is less by ,- 0.2.

This explains why Zhai et al. found no exponential behavior; plasma electrons scat-
tered by turbulent fields cannot gain the energy necessary to ionize many atoms. This
leads to an ionization time comparable to that observed. A more detailed calculation and
experiment is needed here.

3. Conclusions

Our principal result, Eq. (2), is compatible with the recent results communicated by
Garate & Zhai10 . Langmuir turbulence measured extensively in Refs.(8 ' 9' 14) verify that
strong scattering from intense E-field regions can dominate the turbulent characteristics
of strongly driven stream instabilities. This links previous measurements of E •-t 35 kV/cm
with the recently reported ionization in an operating BWO15 . Strong fields operating over
reasonable correlation lengths f ,-, 5mm, can account both for scattering of relativistic
electrons and for the interruption of the usual ionization by such strong fields in the
background helium plasma and gas.

Such a unified view then has implications for all strong microwave generators. These
studies 12' 15 deliberately produced a controlled ambient plasma, but many generators prob-
ably suffer from plasma generation inadvertently. Beam electrons may strike walls and
strong E-fields can draw out from walls dense, rapidly moving plasmas. These in turn can
develop turbulence in fractions of a nsec., since streaming instabilities are very rapid.

Scattering from nuggets of strong E-fields can then dominate gross beam dynamics -
particularly cross-B migration, which can disrupt the entire microwave emitting geometry.
Further work with this in mind may clarify the ubiquitous puzzle of pulse shortening in
microsecond microwave devices1.

The author thanks Eusevio Garate and X. Zhai for providing data, and James Benford
for fruitful discussions.
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IGNITION OF A BEAM-PLASMA DISCHARGE BY ELECTRONS
EMITTED FROM A FERROELECTRIC

V.A.Borissenok, D.R.Goncharova, A.E.Dubinov, A.N.Klevtsov*,
V.A.Kruchinin, S.A.Sadovoy, V.D.Selemir

Russian Federal Nuclear Center - All Russian Scientific and Research Institute of
Experimental Physics (607190, Sarov, Russia)

*Research Institute of Physics at Rostov State University
(344104, Rostov-on-Done, Russia)

It is well known that under the influence of a short voltage pulse, which changes the
polarization of the pre-poled ferroelectric sample the last one emits surplus surface electric
charge in a form of impulse electron beam [1,2]. In this case beam current may achieve a high
value. For example in paper [3] it is reported that the value of electron emission current density
of up to 500 A/cm2 was achieved by this way. Moreover, in paper [4] the repetition rate of
electron current pulses of up to 2 MHz was reached.

Such serious results predetermine a wide perspective of utilization of the phenomenon of
electron emission from the surface of ferroelectrics in vacuum electronics and, in particular, in
acceleration and SHF-equipment [5]. But, on our opinion, the possible applications of this
phenomenon are not limited by vacuum electronics. We can mention some of them: ignition of
gas and gas-fuel mixtures in internal-combustion engines and fire-boxes, ignition of a beam-
plasma discharge in plasma-chemical reactors and gaseous lasers, commutation operation of
power gas-filled switch [6,7].

With the help of published data, that refer to the electron emission from the surface of
ferroelectrics, we can assume that interesting physical special features are inherent to the
aforementioned gas and plasma processes, which distinguish them from similar processes
involving electrons, injected by usual electron guns.

This circumstances defined the purpose of this paper: receiving and investigation of
ignition of gas discharge by injection of electrons emitted from a ferroelectric into a gas-
discharge gap.

1-mm thick, 8-mm-diam of working surface pre-poled ferroelectric samples
manufactured from PLZT ceramics (8% La) were used. A ferroelectric disk is coated with a
thin (-5-10 pmu) uniform silver layer on the back and a gridded silver layer on the back and a
gridded silver layer with a period 400 gim and thickness -1 gim on its front surface. A picture
of the sample from the gridded surface is demonstrated in Fig.la.

Hysteresis loop of one of the polarized samples with polarization value - 37 pC/cm2 ,
which was obtained with the help of a special hysteresisograph is shown on Fig.lb with the
mark of amplitude of the actuating pulse U0 .

It consists of a gas-discharge camera in the form of a glass tube with internal diameter of
35 mm and length of 360 mm, at the end of which there are metal electrodes (the distance
between them is 220 umm); from the power source in order to apply constant voltage to the
electrodes of the camera (plus to the not grounded electrode); from the vacuum system,
including forvacuum pump, the system of tubes and block of manometers. Inside of the
grounded electrode of camera there was a ferroelectric sample, with the gridded surface turned
into the gas-discharge camera. Actuating pulse with positive polarity and amplitude > 500 V
was applied to the solid electrode of the sample with the help of special pulse generator. The
form of this pulse is shown in Fig.3a.

Investigations were held in the air under the pressure -1002... 10"1 Tort. Under these
conditions the breakdown voltage in the camera under stationary power supply is equal to
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-1,0...2,5 kV, after the breakdown a stationary subnormal discharge with the current ~50 mA
is sefinaintaned in the camera.

P (mkClcmr)

.20

10
E(kV/cm)

-20 .1 10 20

-

10

-20

a) b)
Fig. 1. Information on ferroelectric sample: a) view from the grid side; b) hysteresis of polarization (U 0 -

shown by arrows).

In experiments with ferroelectric ceramics a constant voltage with the value less than one
of the breakdown voltage was applied to the electrodes of the camera. It was detected, that
electrons, emitted by the sample under the influence of actuating pulse, are able to light the gas
discharge when the voltage at the electrodes is equal to 500 V. This discharge has many similar
features to those of not self-supporting impulse beam-plasma discharge. The picture of
discharge lighting, initiated by electrons emitted from ferroelectric, is shown in Fig.2. We can
see that near the grounded electrode the diameter of the lighting channel approximately equal
to the sample diameter.

Fig. 2. Picture of the discharge.

The typical oscillograms of pulses of discharge current, voltage at the camera electrodes
of the discharge are shown in Fig.3b, c respectively. As it is evident these signals have some
characteristic features which have been displayed in this type of a beam-plasma discharge. For
example, on current oscillogram we can single out two stages. One of them probably
corresponds to a high-stable maintenance of the emission current from the surface of a
ferroelectric, that is detected also under vacuum conditions [8], the second stage, which is
characterized by the sharp increasing and then decreasing of the emission current corresponds
to the development of avalanche in the gas. The stage of maintenance of the constant current is
accompanied by increasing of the voltage at camera electrodes, moreover the duration of this
stage and the current value may be regulated by the gas pressure and by the value of
capacitance of connecting condenser. The stage of avalanche development is characterized by
drop of the voltage and intensive optical lighting of gas-discharge plasma.
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In some operation regimes the current during the first stage was equal to 150 - 180 A,
and amplitude of discharge current during the avalanche stage was up to IkA. Then, if
calculated for the free surface of the ferroelectric sample taking into consideration the
geometrical transparency - 50%, current density in some experiments exceeds the value of 700
A/cm2. This value of a current density perceptibly exceeds the known published values which
were received in vacuum. This fact can be explained by neutralization of the spatial charge of
the beam in plasma.

UoV I., A
4W

tmks a)tmks b

2M Fig.3. Diagrams: a) guiding signal;I= b) current in the discharge circuit;

low. c) voltage on chamber electrodes.

400

1m.

a-IU

-00

.- .. 0 2 4 G 10 12 21

t,nmks
C)

It is worth noting, that charge density which is carried by this current during the first

stage (-I ýts) exceeds the remnant polarization of the sample more than an order of magnitude
as in [8]. This faict requires additional investigations.

So, the results achieved testify to great perspectives of ferroelectric electron sources for
impleentaion in different devices of gas and plasma electronics. It is necessary to pay special

attention to the stage of constant current. It is possible to create new gas-discharge
commutators with high-stable current characteristics.
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TRANSPORTATION OF OVER-LIMITING BEAM IN TIHE WAVEGUIDE
WITH PLASMA DAMS

A.Babkin, V.Chelpanov, A.Dubinov, S.Galkin, D.Gladilin, A.Khizhnyakov, V.Korilov,
V.Selemir, A.Sudovtsov, V.Zhdanov

Russian Federal Nuclear (Center All-Russia Scientific Research ln.'iitute of experimental
lNhsics, SY'ov ( A ramas- 16), Mira 37

For solution of a number of science and technique tasks it is necessary to provide energy
transmission to large distances without significant losses in the form of high-current electron
beams. Vacuum-processed transporting channels with magnetic beam accompaniment [1] are
developed for these purposes.

However, the channel, described in [1], has principal limitation on the value of transporting
current beyond the existing limit [2]. Virtual cathode forms at the exceeding of this limit and the
channel becomes "locked".

Original decision, directed on the increasing of the transported current value over the
existing limitation, was suggested in [3]. The essence of this decision is the fragmentation of this
channel into sections and their separation from each other with conducting films, foils or meshes,
thickness of which is much less than the length of free path.

It is necessary to mention that such channel may not contain the system of magnetic beam
accompaniment. Since the conducting film (foil or mesh) shunts radial defocusing electrical beam
field close to it, only forces of magnetic focusing effect on electrons near the film thanks to the
own magnetic field of the beam, and the necessity of external Focusing disappears.

The drawback of the transporting channel of [3] type is high angle electron dispersion with
film (foil, mesh) atoms. This leads to the losses of the electron beam and decreases the
transportation efficiency coefficient. Besides, thin filns are ephemeral and are damaged after
small quantity of electron current pulses.

Theoretical and experimental investigations, performed during the development of
microwave generators with virtual cathode, where anode in the form of thin plasma sheet is used
[4,5], suggested an idea to replace thin films and foils in the transporting channels by thin plasma
dams. But this decision requires verification. There is the possibility of beam and plasma-beam
instabilities in the channel, which could ruin the transportation process.

S I I I , . . . . I l. ...... L _

n. n Ir C" LI,

Fig a Fig I b
Channel Geometry wvith beam Phase portrait
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For this purpose the 2.5-dimensional version of the known software pack "KARAT" [6],
based on fully compatible PIC-code, were used for computer simulation of the channel with

plasma dams.
Transporting channel is a flat waveguide with the length of 30 cm and width of 10 cm.

Strong longitudinal magnetic field of 50 kG is applied to it. Electron beam with linear current

density of 400 A/cm and energy electrons of 0.5 MeV was injected into the waveguide.

Two situations were simulated: free waveguide and the waveguide, loaded with two plasma

dams of 3 cm each and plasma.concentration of 5*1011 cm-3. Simulation results are shown in the

Fig. I and,2 respectively.
It was obtained, that virtual cathode is formed in the channel when the plasma dams are

absent (Fig. 1 b). This certifies about that fact, that the given value of the electrical current for the

given waveguide is over-limiting.
If the plasma dams are existing in the channel, electron beam passes through the waveguide

and doesn't form the virtual cathode (Fig. 2b).

0. 00.0. 20.0 Fig.' 20.0

Fig.2a Fig. 2b

Channel geometry with the beam and Phase portrait; 9 - beam electrons; + -
plasma dams plasma electrons; * - plasma ions

Li

Thus it was set, that the transportation channel, loaded with plasma dams, can pass electron

beams with over-limiting currents without significant losses. Experiments were carried out on

"KOVCHEG" device [71 in two editions: 1) in the regime of mesh anode with plasma layer node

in the drift pipe, located on the distance of 50 cm from the mesh anode (Fig. 3); 2) in the regime

of plasma anode. In this case plasma anode
served as a mesh, and the additional plasma t 2 ) 4 5 6

layer in the drift pipe was not formed.
According to the model calculations,

to transport the electron beam without
significant distortions of its characteristics, T&

the distance between plasma layers should / 1-

be of double diode gap. In this 9'" -U / 9_//j

experimental series we checked the plasma 1 6

influence on the electron beam passage at
great (50 cm) distance between mesh anode Fig. 3

and plasma layer node. We tried to vary the 1 ---Marx generators, 2 -- transmitting line, 3

size of the vacuum gap between mesh diode section, 4,6 - drift pipe, 5 - plasma layer

anode and plasma by •changing the plasma node, 8,9,10,11,14,15- Rogovsky coils, 12-

layer thickness at the moment of the diode foil collector. 13 - thick collector.
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current switching on. As a result, we discovered plasma acceleration towards the virtual cathode,
since plasma influenced on the diode operation. Fig. 4 shows the set of diagrams of the diode
current in the regime of plasma anode. Figures above the diagrams correspond to the delay of
plasma voltage switching on relatively to plasma injector battery to switching on in microseconds.

I, A 1,kA3
180 

80.

1 2 0,

600
90- / -

,/ 19 40-

20 -
- 20 -/

0,0 0CO 1.0 1,5 2,0 0

Fig. 4 Fig. 5 t, PS

We can see that the increasing of the delay tc, equivalent to the decreasing of the diode gap,
leads to the decreasing of the initial diode impedance. Delay of 25 pIs corresponds to the moment,
close to the 50 mm gap shorting. Fig. 5 shows the corresponding set in the case of 50 cm distance
between the mesh anode and plasma layer node (0 - without plasma). Plasma influence on the
diode operation is apparent at 25 pts delay.

The series of experiments were carried out in the plasma anode regime in order to separate
electron and ion currents in two-collector variants. In this case the assembly of foil collector (Al
of 80... 100 pm thickness) and thick metal collector was located at the end of I m drift pipe. It
was supposed, that the first collector, passing electrons, would fully absorb ion current, which

will be registered with a shunt. The second collector should register electron current. Since the
process of the collective ions acceleration is connected with electron beam energy loss, the
electrons absorption with the first collector happened to be significant one, and the shunt signal
was almost always negative. Foil collector was destroyed after the first shot at the delay to of
about 20 pts and more. Destruction character - melting and breakage. According to our
estimations, more than 10% of energ,, released in the diode in the form of electron-ion flux, is
transported on the distance of ] m.

At that, both electrons and ions are equally responsible for melting and breakage in the
result of pulse transmission. Thus, in order to measure corpuscular fluxes in the conditions of
energy transportation, the development of additional diagnostics is necessary.

It is necessary to pay attention that the electron beam captures positive plasma ions to the
collective motion, what could be useful for electron beams acceleration, In this case, and also at
the necessity of obtaining of pure electron beam on the transportation channel output, it is
possible to install the magnetic particle separator.

Authors are thankful to V.P.Tarakanov for his consultation of "KARAT" software
application.

The work is performed in the frameworks of RFFI Project NX2 96-02-17047a.
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GENERATION OF HIGH-CURRENT ELECTRON BEAMS BY THE USE
OF PLASMA CATHODES

Ya. E. Krasik, A. Dunaevsky, and J. Felsteiner
Physics Department, Technion, 32000 Haifa, Israel

In this report we present experimental data concerning the use of various plasma
sources to generate high-power, high-current electron beams in a repetitive mode instead of
explosive emission plasma. The concept of this research is in the plasma creation prior to the
application of the acceleration voltage to the anode-cathode gap, and in the achievement of
the condition when the space-charge limiting electron current density is equal to the electron
plasma saturation current density. It has been shown that it is possible to generate electron
beams without creation of explosive plasma and without the time delay with respect to the
beginning of the acceleration voltage. This can be achieved by the proper adjustment of the
plasma parameters to the diode geometry and to the amplitude of the acceleration voltage.
Experimental results of generation of electron beams with current density of 100 A/cm2 , and
electron energy of 40kV continuously with repetition rate of 2Hz will be presented.

The disadvantages of explosive emission plasma, namely the time delay of plasma creation
when E<100 kV/cm and the plasma expansion inside the anode-cathode gap that does not
allow to keep the constant impedance of the electron diode, stimulate the research devoted to
new sources of electrons.
Coaxial erosion plasma gun (PG), plasma source based on TiBa ceramic sample and coaxial
gaseous plasma gun are being used as a source of electrons in planar and coaxial geometry of
electron diodes. Plasma parameters (plasma density, electron temperature and plasma
expansion velocity) were measured by biased collimated Faraday cups (CFC) and single and
double floating probes. High voltage pulse was delivered by PFN (_< 40kV, 200 ns, < 5 Hz).

Tek Run: SOOMS/s Sample
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Gts flled olume o

Ano• VD - -t
13.6 Wydiv

25.40kV It tOc

VD 1 p~vgrtfH cVRCV

CVR 4

-A 2. w~odn I IgAdv

S•1to diAitz

by U 7 .IJkV

TT -- I M 'loons
p h, Timtd• ly ' ngg• s -u

.. il - - Vitalor iPx meruno

Fig. I Experimental setup for erosion PG. Fig. 2 Typical waveforms of the PFN voltage and the
anode current.

In Figs. 1 and 2 we present experimental setup and typical waveforms of the PFN voltage and
the anode current for the case of the erosion PG. To produce the plasma a pulsed generator
(179), 10kV, 50ns, 5Hz) was used. We have observed two plasma bunches: the first one has
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low density (ne& 1011cm-3) and higher electron plasma temperature and plasma expansion

velocity (Te= 8 ±leV, Vpl=l-2.10 7cm/s). The second plasma bunch has higher density

(ne=8±2 .101 1 cm-3) and smaller electron plasma temperature and plasma expansion velocity

(Te=6.5±l.5eV, Vpl=2±0.2• 106cmrs). These data were obtained at a distance of 2 cm from the

PG at a time of 4/as with respect to the beginning of the PG operation.
By changing the time delay (rd) of the PFN pulse application with respect to the PG

firing different regimes of the planar diode operation have been observed: electron emission
from the plasma boundary fixed at the cathode grid position, plasma pre-filled regime and
short-circuit. In Fig.. 2 we present typical waveforms of the PFN voltage and the anode current
for the plasma pre-filled regime when the first plasma bunch has reached the anode (anode-
cathode gap of 2.5 cm) and the second plasma bunch is at the position of the cathode grid,
td~1.3 ts. These waveforms were obtained continuously with rep-rate of 2 Hz. The space-

charge current for this case is -15-20A (the cross-section of the e-beam is -8-10cm 2 ). At the
beginning of the voltage pulse, the beam current amplitude reaches 80A without time delay
with respect to the beginning of the voltage pulse. Later in time, the amplitude of the electron
current decreases to 20A which agrees with the space-charge limited current. Such current
behavior agrees well with the plasma pre-filled regime when plasma boundary has erosed to
the cathode grid later in time. The duration of the current beam was found equal to the plasma
bunch duration. The main disadvantage of this type of plasma source is the presence of the
first plasma bunch, which does not allow diode operation without plasma pre-filling.

To avoid this. disadvantage we have tested another plasma source based on the non-
complete discharge along the surface of the TiBa sample (see Fig. 3). This ceramic sample
(disk: 044mm, thickness of 2.5mm) has a strip structure of the front electrode and a rare
electrode in the form of a disk. A high-voltage negative pulse for plasma production was
delivered to the front electrode by the pulse generator (7-10kV, C=lnF) through sharpening
circuit which consists of spark gap (SG) and capacitor "C".

Tek O 200MS/s 9 Acqs

RC - 7

VPFN P'FN
25-40 kV

TTLT

Fig. 3 Experimental setup for TiBa plasma source. Fig. 4 Typical waveforms of the voltage and anode
current.

Measurements of the plasma parameters were carried out at a distance of 1 cm from the
cathode grid. These measurements have shown that the plasma electron temperature is =5eV,
the plasma density reaches ne• 4 .101 1cm-3 , and the plasma expansion velocity is

1p~.5.10O6cm/s. It was found that the surface plasma generation and its uniformity strongly

depends on the amplitude and polarity of the voltage pulse. Most uniform plasma generation
was achieved by application of a positive voltage pulse to the front electrode or a negative
voltage pulse to the rare electrode. In addition, significant difference in plasma generation was
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observed when the ceramic sample was placed in air. In the latter case, plasma production was
uniform and reproducible. These data indicate strong influence of the background conditions
on the discharge process. Examples of the surface discharge creation in vacuum and in air are
presented in Fig. 5 a,b. Nevertheless, for all polarities of applied voltages we have observed
plasma creation within the first nanoseconds of the voltage application at the edges of the
strips electrodes.

Fig. 5a. PLZT. Strip geometry. Positive pulse (3 kV, lOOns) is applied to strip electrodes in vacuum 10- 5 Torr

General view 0-iOns 20-30ns 30-40ns 50-60ns 70-80ns 100-110ns 440-450ns 640-650ns

Fig. 5 b. PLZT. Strip geometry. Positive voltage (3 kV, lOOns) is applied to strip electrodes in air.
* 0, ;,j,,. •. *-:lt'•, 7,',,.

General view 0-5ns 0-10ns 10-20ns 20-30ns 30-40ns 40-50ns 50-60ns 80-90ns 100-110ns

Similar to the previously described experiments with erosion PG, changing the Td allowed to
achieve different regime of the e-diode operation. It has been shown that generation of the
electron beam starts at rdz0.5-0. 6 ýts. This time is necessary for the plasma to reach the output

cathode grid. For the "cd when the plasma reaches the output grid, the electron beam
generation starts simultaneously with the beginning of the voltage pulse (see Fig. 4). In
addition, it was shown that the electron current temporal behavior is the same as the plasma
density temporal behavior. It is important to note that in this case we do not have a fast
plasma bunch that allows stable electron beam generation from the plasma boundary located
at the output cathode grid with current amplitude of z70A. During almost all experiment, this
plasma source worked in a rep-rate of 2Hz without changing of its parameters (the
reproducibility of the electron current amplitude was found Ž90%). It has been found that the
amplitude of extracted electron beam current depends on the anode-cathode distance as well
as on amplitude of the applied high-voltage pulse. At the present time we cannot claim that
the observed dependences are in agreement with that predicted by the space-charge law.
Additional measurements of electron energy and plasma parameters are required in order to
do this comparison.
Next set of experiments was done with active plasma sources in a coaxial geometry. We have
tested two types of plasma sources: an erosion plasma source (Fig. 6) and a plasma source
based on the metal-ceramic structure (Fig. 8). Both plasma sources were placed inside the

,grounded cathode (020mm) having slots structure in the anode (060mm) region. The anode-
cathode gap was 2 cm and the coaxial diode was connected to the same PFN. The erosion
plasma source consists of ceramic rod (0 1mm) with equally distributed (gap of 0.5mm) metal
disks. To produce the plasma, a high voltage pulse (30-40kV, 50ns) was applied to the metal
disks. Plasma was produced by the surface discharge between the disks. High voltage pulse
from the PFN was supplied with the time delay necessary for the plasma to reach the cathode
slots. Typical waveforms of the PFN voltage and total anode current are presented in Fig. 7. It
was found that this electron source can operate continuously with the rep-rate of 5Hz with a
reproducible waveform of the anode current. However, we have found relatively large
azimuthal uniformity of the radial electron beam.
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Fig. 6 Experimental setup of the coaxial erosion plasma source. Fig. 7 Typical waveforms of the discharge
current, PFN voltage and anode current.
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Fig. 6 Experimental setup of the coaxial metal-ceramic Fig. 7 Typical waveforms of the PFN
plasma source. voltage and anode current

For the coaxial metal-ceramic plasma source a PLZT tube (o.d.8mm, i.d.4mm) with
grounded strip electrode structure was used. To produce a surface discharge plasma, a high-
voltage pulse (1.5-2.5 kV, lOOns) was applied to the central electrode. This plasma source
was tested in a continuous mode operation with frequency up to 50Hz. Application of the
PFN voltage pulse with the time delay necessary for the plasma to reach the cathode slots
allows to obtain an electron beam with current amplitude of 50 - 80 A.

Preliminary experiments have shown that active plasma cathodes allow rep-rate
generation of electron beams without time delays with respect to the application of the voltage
pulse (40kV) and without explosive plasma creation. At the present time, we continue to
investigate these plasma sources at a higher level of the voltage amplitude, as well as gaseous
plasma guns as an electron source.
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High Brightness Electron Beam Injector for the DARHT Facility

E. Henestroza, S. Eylon, D. Anderson, W. Fawley, H. Rutkowski, S. Yu

Lawrence Berkeley National Laboratory.
Berkeley, CA 94720, USA

Abstract

An injector for the second axis of the Dual-Axis Radiographic Hydrotest Facility
(DARHT) is been built at LBNL. The proposed injector consists of a single gap diode extracting
4 kAmps, 3 MV electrons from a thermionic dispenser cathode and powered through a high
voltage ceramic insulator column by a Marx generator. The key issues in the design are the
control of beam quality to meet the DARHT 2nd axis final focus requirements and to minimize
high-voltage breakdown risks. We will present the conceptual design of the injector as well as
preliminary results on a scaled experiment and breakdown tests in vacuum using the Berkeley
RTA facility.

INTRODUCTION

A high voltage (3 MV), high current (4 kA), long pulse (2 ps flat-top), high quality ( <

1000 it mm - mr) electron beam injector for a linear induction accelerator for flash-radiography
applications is being built at LBNL. The injector conceptual design is based on the LBNL
Heavy Ion Fusion Injector technology [ 1], and beam dynamics simulations.

The HIF (Heavy Ion Fusion) injector can deliver a 1.5 .ts flat top (+/- 0.15%), high
energy pulse (> 2.3 MeV), high current (>0.8A of potassium ions), with a low normalized edge
emittance ( < 1 ir mm - mr). The HIF injector operating experience regarding breakdown issues,
reproducibility and energy flatness is being used in the design of the DARHT long pulse
injector.

Figure 1 shows a lay out of the main components of the electrostatic injector assembly.
The injector is driven by an 88 90-kV-sections Marx pule generator. The Marx output pulse is
fed through a 3 MV insulating graded ceramic column into the diode cathode to generate a 4 kA
electron beam.

MARX GENERATOR AND FAULT-MODE PROTECTION CIRCUITRY

The 3 MV Marx generator design is based on the (Pulse Sciences, Inc.) PSI Super-Reltron
microwave tube Marx and the LBNL (Heavy Ion Fusion) HIF 2MV Marx. An 88 stage, oil-
insulated Marx layout employs large capacitive coupling between every other stage to develop
the majority of the erection voltage across the spark gap, thereby minimizing jitter and erection
time. Discrete pulse forming networks (PFNs) are charged ±45 kV and incorporate tuning
inductors located on the perimeter of the Marx at DC ground potential. This feature allows for
ease of tuning and removal of PFN sections to operate in shorter pulse modes for
commissioning of the accelerator and measuring injector performance with invasive diagnostics.
Discrete distributed series resistors valued at 10-15% of the Marx impedance protect the
capacitors from reversals and limit the energy dissipated in the event of an oil breakdown. A
series stack of metal-oxide arrestor blocks (Harris V402AS60) running the length of the Marx
clamp the output voltage to -4.1 MV for a variety of open-circuit conditions. A High Voltage
(HV) dome at the end of the Marx houses filament and shroud power supplies, magnet supplies
and a fiber optic telemetry system, and is powered by a 20 kW hydraulic generator. The HV
dome also attaches to a ballast resistor which is varied to maintain a matched impedance under a
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variety of beam operating conditions. Additional varistors are connected along the insulator
stack to provide protection from surface flashover avalanching.

C"YOPUMPING COLD PLATE
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ROCI M'
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MOWIR 6E•NERATOR •
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Figure 1. Layout of the main components of the 3 MV electrostatic injector assembly.

The entire system response was calculated using Intusofts ICAP/4 Spice code. Electostatic
Poisson simulations were performed to determine the insulator stack's capacitive matrix.
Varistors were modeled using the software vendor's behavioral model modified to allow for
series arrays of components. Other stray components' values were calculated analytically.
Representative waveforms of the pulse for long pulse and short pulse modes are shown Fig. 2.

THE 3 MV ELECTRON DIODE

The electron beam is generated in a 3 MV diode. It consists of a thermionic source
surrounded by a Pierce electrode and focused by a solenoid located at the anode entrance.

The beam dynamics inside the diode has been studied using the electron trajectory
computer code EGUN [2]. Figure 3 shows the electron beam envelope and field equipotential
lines as calculated by EGUN for the 3 MV case.

In order to have a reliable machine the diode design has to minimize breakdown risks. This
requirement translates into a design with maximum current extraction for a given maximum field
stress. From final focus requirements at the end of the machine, the beam quality has to be
controlled and the normalized emittance be maintained under 1000 7r-mm-mr.
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Figure 2. 3.5MV, 2ps Long Pulse and Short Pulse Waveforms in present Injector System.

For a given field stress limit, maximum current extraction is obtained from cathodes
surrounded by a flat shroud as compared to diodes incorporating Pierce electrodes. On the other
hand, the beam quality is better controlled by a Pierce electrode; flat shrouds produce hollow
beams whose normalized emittance grow as being transported and accelerated along the
induction linac. A compromise between the two conflicting requirements is to design the diode
with a Pierce electrode assuming the maximum voltage holding capability that can be obtained
using special surface handling procedures; this peak field is around 165 kV/cm on the cathode
side of the diode and above 200 kV/cm on the anode side. For this design the emittance at the
end of the diode is under 1000 it-mm-mr as calculated by EGUN.

200. . /190 K1

IgO /"

1500

Figure 3. Electron beam envelope and field equipotential lines as calculated by EGUN.

DESIGN SUPPORT EXPERIMENTS

Scaled experiments are being constructed to support the injector design.
The LBNL RTA 1 MV, 1 kA, 0.3 p s injector-diode configuration is being built as a

scaled version of the DARHT injector diode. Injector A-K gaps, cathode shroud materials and
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shapes, are designed to allow the study of vacuum breakdown issues in the diode in the
presence of a beam.

Another series of vacuum breakdown experiments using long duration (8[ts discharge
time constant), up to 200kV, 0.5 kJ pulsers are performed. These small-gap breakdown
experiments allow the study of gap breakdown dependence on vacuum pressure and electrode
material like molybdenum, copper and stainless steel.

The RTA termionic source heat management and support stability will be tested.
Thermocouples will be placed along the source support to map the temperature and evaluate heat
flow in the cathode assembly. Furthermore the gap between the source and cathode shroud will
be monitored during the source heating experiment. This gap has to be small (< 0.5 mm) to
insure a high quality beam.

BEAM DYNAMICS ALONG THE LINAC

A two-dimensional particle-in-cell (PIC) slice (x-y) code [3] has been used to study the
transverse beam dynamics of the electron beam generated at the injector as it is transported and
accelerated along the induction linac.

The main linac consists of 87 induction cells each providing 200 kV of acceleration.
Each cell contains a solenoid used to focus the electron beam. In Figure 4 it is shown the beam
envelope and the normalized beam emittance along the induction linac for a complete transverse
dynamics run using SLICE, which takes into account all the external fields as well as the space
charge. No emittance growth is predicted.

S' • i i "+ ....~~~~ ~~~~...... .+ ............. . !.. . ... . . . . .. . .. .....

400 - ~
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1QI i _ _ _ _ _ _ _ _ _ _ _ _
1 ... •... . . . . . . . . ......... 2. ...... ... ...... .. . . . . . ... .. . . . . .
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Figure 4. Particle in cell calculation of the transverse beam dynamics along the induction linac.
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ABSTRACT

Experiments on two-stage and four-stage autoacceleration were carried out to investigate the
pulse compression of an intense relativistic electron beam (IREB). An annular IREB of 600
KeV, 5 KA and 12 ns was propagated through a two-stage cavity or a four-stage cavity structure.
The beam with energy of 1.1 MeV and duration of 3 ns was obtained in the two-stage experiment.
These results demonstrated the applicability of the autoacceleration process to multi-stage
autoacceleration. The duration of the accelerated part in the beam became 0.6 ns in the four-
stage experiment.

I. INTRODUCTION

Generation of a short duration IREB is an interesting subject of study for, for example,
application to high-power, short pulse millimeter-wave generation [1]. However, it is difficult
for conventional pulse-forming-line systems to generate an IREB of short duration less than
order of 1 ns. We proposed to compress pulse duration of an IREB after emission from a diode
utilizing multi-stage autoacceleration process [2] which uses a series of cavities with decreasing
length.

Autoacceleration process [3-5] utilizes the mutual interaction between an IREB and a passive
structure, and is reviewed briefly here after Ref 6. An IREB of particle energy eV,, current Io(t),
and beam duration t0, propagates through a drift tube immersed in a uniform axial magnetic
field. A coaxial cavity of impedance ZK is connected to the drift tube via gap. The length of the
cavity / is toc/4, where c is the velocity of light. As the IREB passes the gap, a current IA(z, t) is
induced in the cavity and a voltage VQ(t) appears across the gap. Transmission line theory is used
to calculate I,(z, t) and V,(t). The current at the end of the cavity is expressed as

I,(l, t) = 21`1(0, t) - 2,11(0, t - to/2) +...- (1)

and the voltage across the gap V, is

V1(t) = Z, [ 11(0, t) - 21(0, t - t/2) +± *]. (2)

As a result, a beam electron loses kinetic energy eV,(t) during the first half portion of the beam
duration (0 < t < to/2) and gain the same amount of energy during the second half (t/2 < t < to).
The duration of the accelerated portion of the beam is equivalent to the round trip time of light in
the cavity.
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The principle of the multi-stage autoacceleration is to use the autoacceleration process
repeatedly. As the length of the nth cavity is adjusted to the half of the (n-1)th cavity length, the
duration of the most accelerated portion of the IREB after passing through the nth cavity is
compressed to 1/2" of its initial duration. The kinetic energy of the most accelerated beam electrons
is increased arithmetically when the same impedance cavities are used.

In this paper, we describe a two-stage autoacceleration experiments in which the applicability
of Eq. (1) and (2) to the multi-stage autoacceleration is investigated. And we report an experiment
of the four-stage autoacceleration in which pulse duration of the most accelerated portion was
0.6 ns.

i 200 [KVidiv]. . . ig tiPrb!200. [-dv80 cm Solenoid Coil s ' /;bC

... ... . - /. . .
------- Foilless Diode ISt. cavity nd. I

(a) 5 [ns/divil

2 [KA/divl

.--- -..... .. .... aradav Cu p

.... (c) 20cmc0c 45 cn

(b) 5[s/did]

Fig. 1. Typical waveforms of diode voltage (a) and IREB current (b). (c) Schematic of the experiment.

II. EXPERIMENTAL SETUP

A Model 105A Pulserad of Physics International which utilizes a conventional Blumlein
pulse forming line was used to generate a 600 KeV, 5 KA, 12 ns (equivalent to 3.6 m in length)
annular electron beam [Fig. 1 (a), (b)]. A schematic of the two-stage experiment is shown in Fig.
1 (c). The IREB diameter was 2.4 cm with thickness of 2 mm and the drift tube diameter was 3
cm. An axial magnetic field of 1 T was applied by two solenoid coils of total length of 1.6 m. In
the two-stage autoacceleration, the length of the first cavity was 90 cm (= 3.6 / 4 m) and the
second cavity length was 45 cm (half of the first cavity length) with the same impedance Z, = 76
ohm. In four-stage autoacceleration, cavities with impedance of 46 ohm and lengths of 75 cm,
37.5 cm, 18.7 cm and 9.4 cm were used.

A Faraday cup detected the beam current at various locations along the axis in the drift tube.
Aluminum foils of different thicknesses were placed in front of the Faraday cup in order to
estimate the kinetic energy of the beam electrons. The beam current at the gap and the current at
the end of cavity were measured by magnetic probes shown in Fig. 1 (c). The signals were
monitored on Tektronix TDS 684A digitizing oscilloscope (1 GHz, 5 GS/s).

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Two-stage autoacceleration
The current waveform of the incident beam detected through 0.4 mm aluminum foil is shown

in Fig. 2 (a) and that of the most accelerated portion of the beam through 0.7 mm aluminum foil
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Fig. 2. Typical waveforms of Faraday cup signals, (a) the current waveform of the incident beam with 0.4 mm
aluminum foil (control) and (b) the most accelerated portion of the beam transmitted through 0.7 mm aluminum
foil in the two-stage experiment. (c) Ratio of the transmitted current through different thickness of aluminum foil.

is shown in Fig. 2 (b). The duration of the incident beam was 12 ns. Note that the most accelerated
portion in the two-stage experiment had 3 ns duration which was equal to a quarter of duration

of the incident beam and it appeared in the last quarter of the beam duration. The duration of 3 ns
was in good agreement with the round trip time of light in the second cavity. These results
indicated that the autoacceleration process occurred
repeatedly. In the first-stage, the first half and the second
half portion of the beam were decelerated and accelerated,
respectively. In the second stage, the first and the third
quarter portion of the beam were decelerated, while the .... ......... ',.

second and the last quarter portion were accelerated. .......... ........ ...... ...................
Therefore, the last quarter portion of the beam wasacc le ate a b th ta e .. ...... ... .......... i ...... } ........ i........... : ..........
accelerated at both stage.

The ratio of the transmitted current through aluminum. ..............
foils to the current detected without foil are plotted in Fig. 2
(c). Using Fig. 2 (c) and range-energy relations for relativistic (a) 5 [ns/div]
electrons [7], we estimated the kinetic energy of beam
electrons to be 1.1 MeV in the two-stage experiment and to 2 [KA/div]
be 600 KeV in the control.

Using Eq. (1) and measured beam currents at each cavity, 7 7 . .

cavity currents were calculated. Figures 3 (a), (b) show ..... .

waveforms of calculated and measured cavity currents at
the first and the second cavity. Since the calculated and
measured cavity current at each stage were in good
agreement, we expect that we could calculate the S. . ... ...................... I.......... .......... ..........

acceleration voltage appeared across the gap at the first and

the second stage using Eq. (2) and measured beam currents. (b) 5 [ns/div]
The calculated voltage at the first and the second gap are

shown in Fig. 4. The sum of voltages which accelerate the Fig. 3. Cavity current in the first stage
last quarter of the initial beam duration was 500 KV. This (a) and the second stage (b). Comparison

result explained well the energy gain of the most accelerated between the calculated cavity current
(solid) and measured cavity current

portion, i.e. 500 KeV (dotted line).
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B. Four-stage autoacceleration 200 [KV/div]
The four-stage autoacceleration using 46 ohm cavities was

carried out to investigate whether a sub-ns IREB was attainable ............ ........ ................. ........
by the multi-stage autoacceleration. Figure 5 shows the
Faraday cup signals through 0.6 mm aluminum foils detected
at the exit of the fourth cavity. The duration of the most
accelerated portion of the beam after passes through the fourth
stage was observed to be 0.6 ns that was equivalent to twice t.... vStotal voltage
the length of the fourth stage. The multi-stage autoacceleration -- Ist. stage .......

is applicable for pulse compression of IREB of short duration -e-- 2nd. stage

less than order of 1 ns. However, the maximum energy gain 5 [ns/div]
of 360 KeV was less than the calculated value of 700 KeV.
We think that this was due to influence of decelerated
electrons. In order to accomplish the multi-stage 1 [KA/div]
autoacceleration, unnecessary decelerated electrons should be 1 [KAdiv].
removed from the beam pulse.

IV C N L U IO S.......... .......... ...................
IV. CONCLUSIONS

The applicability of the autoacceleration process to the - .........

multi-stage autoacceleration was demonstrated C. .6ns
experimentally. In the multi-stage autoacceleration
experiments with the same impedance cavity, the energy 2.5 [ns /div]
increased in arithmetic progression, and the duration of the
accelerated part of the beam decreased in geometrical Fig. 5. Faraday cup signal with 0.6

mm aluminum foil obtained for four-
progression with the cavity length. stage experiment.
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REFERENCES

[1] N. S. Ginzburg et al., Phys. Rev. Lett. 78, 2365 (1997).

[21 K. Kamada, D. Hasegawa, H. Igarashi, T. Kusunoki, C. Y Lee, H. Koguchi, R. Ando and M. Masuzaki, Proc.

of the 11th Intern. Conf on High-Power Particle Beams, vol. 1, p. 351 (1996).

[31 M. Friedman, Phys. Rev. Lett. 31, 1107 (1973).

[4] L. N. Kazanski, A. Kiisletsov and A. N. Lebedev, At. Energ. 30, 27 (1971).

[5] I. A. Grishaev, A. N. Debik, V V Zakutin, I. I. Magda, Yu. V Tkach and A. M. Shenderovich, Sov. Phys. Tech.

Phys. 19, 1087 (1975).

[6] M. Friedman, Appl. Phys. Lett. 41, 419 (1982).

[71 H. H. Seliger, Phys. Rev. 100, 1029 (1955).

-387-



MODELING AND PARTICLE SIMULATIONS OF

MAGNETICALLY INSULATED TRANSMISSION LINES

WITH CROSS SECTIONAL CHANGES

Kazuki HIRAOKA, Mitsuo NAKAJIMA, Kazuhiko HORIOKA and Makoto SHIHO*

Department of Energy Sciences, Tokyo Institute of Technology
Nagatsutacho 4259, Midori-ku Yokohama, Japan 226-0026

*Japan Atomic Energy Research Institute,

Tokai-inura, Ibaraki, Japan 319-11

ABSTRACT

In order to discuss the power transportation through the high power

MITLs (Magnetically Insulated Transmission Lines), we have modified the

equivalent circuit model. This model can be used for estimating the influences
of space-charge electrons on power flow and design works of high power
MITLs. When the MITL has an abrupt geometrical change, this model is
thought not to work well. We are estimating validity of the model by comparing
the results with those of the particle-in-cell simulation (PIC). Subsequently, we

study the stability of space-charge electron flow in the gaps by the PIC
simulation.

INTRODUCTION

MITLs(Magnetically Insulated Transmission Lines) under high power operation are

dominated with space charge current flowing between anode and cathode. Conventinal
equivalent circuit model[l] does not account for space charge effects on power flow. To

discuss the power transportation through the high An Ra()

power MITLs, we have developed a new __x, c(X.

equivalent circuit model including space-charge ,,

flow[2]. This model uses space-charge current catho Rc (1) L(44- ----- 0 X Iklc

profile of relativistic Brillouin theory (or laminar
flow theory)[3][4]. In this theory, solutions for A"d' Ra(x)

potential, charge density distribution, fraction of S o .LeQharCeFaow(,

the current carried by the space charge, and radius TLI • I )
of the space-charge layer are obtained self-

consistently. This theory give very similar results cat 4 "c (x- "'-

for cases when the MITL has constant geometry Ic:itical current

and the boudary current is sufficiently large to
Fig. 1 Modified equivalent circuit of MITL.
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keep magnetic insulation.

Fig.1 shows our modified equivalent circuit model of MITL. In our modeling, we
assume that once magnetic insulation is established (I >Ic), the equivalent circuit (a) is

replaced by modified circuit (b) that has space charge current path. Here, Ic is the critical
current and G is the conductance of space charge limited current flows across the vacuum
gap. The effect of space charge electron is expressed by effective inductance L, mutual

inductance M, and capacitance C. To determine these values analytically, we use the laminar
flow theory. General validity of this circuit model is confirmed by comparing the results with

those of PIC[2].

However, when the MITL has too rapid geometrical change, the laminar flow
approximation is not necessarily valid. The characteristics of space-charge electron flow has
been investigated in parallel coaxiall lines or gentle taper. So the behavior of the flow in

MITLs with rapid geometrical change is not studied well. In order to specify the applicability
of this model and reveal the behavior of the flow, we use PIC simulation.

PIC SIMULATION

Subsequently, we investigate the condition that how rapid geometry cause disagreement
with laminar flow condition, and determine the limit of application of our model.

Furthermore, we will study the general characteristics of electron flow including flow stability
and electron distribution profile, in such steep shaped MITLs.

Here we use TS2 module of MAFIA program package. MAFIA is interactive programs
for the computation of electromagnetic fields. It is based on theory of discrete Maxwell grid

equations and the finiteintegration technique. TS2 module is a 2-dimentional PIC code which
solves fully selfconsistent Maxwell's equations and equations of motion in time domain. A

cylindrical symmetric coordinate system (r,z) is used.
Fig.2, Fig.3 and Fig.4 show examples of typical results. Z-compont of current density

indicates the space-charege electron current, and R-componet indicates degree of disturbance

of laminar flow.
Fig.2 shows simulated results for straight coaxial MITL. Here cathode radius rc is 2.5cm,

anode radius ra is 5cm, length of the line is 40cm, applied voltage V0 is 2MV, total current 10
is 73kA, boundary current lb is 45kA. Current ditribution approches laminar profile with Z.
The radius of peak is close to which Brillouin flow theory predicts. The laminar flow profile

is almost maintained in gentle slope geometry, shown as Fig.3. Here cathode radius rc is
2.5cm at up-stream,, and slowly changes to 1.5cm. In Fig.4, rapid slope geometry disturbs the
laminar flow. here, the cathode radius rc is rapidly changed to 1.5cm from z=15cm to z-=16cm

(dr/dz = 1).
Generally, turbulence of electron distribution gradually increased when the geometrical

change (dr/dz) was enlarged.

CONCLUSIONS
We have developed a new equivalent circuit model of MITLs which include space
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charge effects. With this model, we can estimate easily the effects of space charge current on
the power flow efficiency, without using complicated, laborious particle code simulations.

We are investigating the critical conditions that disturb the laminar flow distribution
with PIC, to evaluate the limit of application of our model. Some typical results were

presented.
In addition, we are going to study the general characteristics of electron flows in tapered

MITLs.
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Fig.2 Typical results of PlC simulation
Here cathode radius rc is 2.5cm, anode radius ra is 5cm, length of line is 40cm,
applied voltage V0 is 2MV, total current 10 is 73kA, boundary current lb is 45kA
The formation of laminar flow is ovserved.
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1. The charged particle acceleration by charge density waves in a plasma and in uncompen-
sated charged beams appears to be a most promising trend in the collective methods of accelera-
tion [1-3]. The variable part of the charge density can be made to be very high (up to no, where

n, is the unperturbed plasma density); therefore, the accelerating fields can reach 10' to 109

V/cm. Chen et al [4] have proposed a modification of the Fainberg acceleration method [1], con-
sisting in using a train of bunches. In [5], Katsouleas has considered electron bunches with differ-
ent profiles, namely, a bunch with a slow build-up in the density and its very quick fall-off, and
also the bunch with the Gaussian-type distribution for different rise and fall-off times. It was es-
tablished in [5] that the use of these nonsymmetric bunches instead of symmetric ones can provide
the accelerating field Eac value to be many times (10 to 20) higher than the retarding field E,

value. The so-called transformation coefficient T= a/E,1, = AycyjI is equal to 27dV, where

N corresponds to the number of wavelengths along the bunch length. The excitation of nonlinear
stationary waves in the plasma by a periodic train of electron bunches has been studied in refs. [6,
7], where it was shown that the electric field of the wave in the plasma increases with y (y is the
relativistic factor of the beam) at commensurable plasma and beam densities. The experiments un-
dertaken in refs. [7, 8] on wake-field acceleration has demonstrated the importance of three-
dimensional effects.

Here, we consider two different regimes with high amplitudes of plasma wake fields that are
employed in the accelerator physics. The first regime makes use of an extended short beam, then
the high-amplitude waves excited by this beam and having high-gradient longitudinal electric
fields can be used to accelerate other bunches. In the second case, a strong focusing can be at-
tained with a long narrow beam, making use of its intrinsic magnetic field which is unbalanced
because of space charge compensation by the plasma.

Apart from the transverse forces, the bunch particles are also influenced by powerful longi-
tudinal forces on the side of electric wake fields. The longitudinal fields will give rise to a longitu-
dinal modulation of the electron bunch, i.e., to a splitting of an originally uniform bunch into mi-

crobunches with a modulation period 2, = 27rc/o)p = 3.36 x 106n5'1/2 cm. In particular, in the

plasma with a particle density of 1016 cm"3 the modulation period is 0.3 mm. The effect of longitu-
dinal REB modulation by wake fields can be used for developing plasma modulators of dense
electron beams. It is pertinent to note one more feature of this phenomenon.

Since the modulation frequency is coincident with the plasma frequency, the wake fields of
microbunches are then combined coherently. Therefore, the electron bunch modulation will in-
volve an increase in the amplitude of the wake field behind the bunch. This effect opens up a pos-
sibility of using long-pulse electron bunches to excite intense wake fields in a plasma. It is par-
ticularly remarkable that the effect of longitudinal modulation at a plasma frequency takes place
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for a long laser pulse, too [9].Previously in [10], a theoretical study has been made into the proc-
ess of modulation of long electron bunches in a plasma by longitudinal wake fields.

Results were reported there for one-dimensional numerical simulation of nonlinear dynamics
of bunch modulation. It was demonstrated in ref. [10] that the particle modulation of a long bunch
moving in the plasma causes an increase in the wake wave amplitude. This effect is accounted for
by coherent combining of fields excited by microbunches, into which the bunch is split in the
course of modulation. The bunch is modulated at a plasma frequency. The investigation of the
one-dimensional approximation is justified in the case of great transverse dimensions
(2zrb/,/p >> 1).

2. The present report deals with the 2.5-dimensional numerical simulation of wake fields by
long REB.

The excitation of wake fields is investigated with an aid of the 2D3V axially symmetric ver-
sion of the SUR code being, in turn, a further development of the COMPASS code [11]. Earlier,
this code has been used to simulate the induction accelerator [ 12], the modulated relativistic elec-
tron beam [13], and a single REB or a train of these bunches in a plasma [11, 13-16].

The dynamic of REB is described by the relativistic Belyaev-Budker equations for the distri-
bution functions f,#(F,p) of the plasma particles of each species and by the Maxwell equations

for the self-consistent electric E and magnetic B fields. We assume that, initially, a cold two-
component back-ground plasma (mi /m = 1840, where mi, and me are the ion and electron

masses) fills the entire region [O, L] x [O, R],where L = 100 cm and R= 10 cm.
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Fig. 1. Fig. 2.

The scale on which the electric and mag-
netic fields vary is micco /e. We assume that the plasma and bunch particles escape from the
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computation region through the z = 0 and z = Z boundary surfaces and are elastically reflected
from the r = R surface. We also assume that cold background electrons and ions can return to
the computation region from the buffer zones z < 0 and z > Z. The boundary conditions for the
fields corresponds to the metal wall at the cylindrical surface r = R and free emission of electro-
magnetic waves from the right and left plasma boundaries. The weight of the model particles was
a function of the radial coordinate, and the total number of these particles was about 106. All the
calculations were carried out on a Pentium-90 personal computer using the modified particle-in-
cell simulation algorithm.

In order to analyze the dependence of the amplitude of the excited fields on the number of
bunches injected into plasma we carried out series of calculations.

.,.Jhz 3. Figures 1 to 3 show spatial distributions
of the longitudinal electric field E, electric

°06 charge density of electrons, longitudinal current
°04[ density of electrons, respectively, for the in-

0.02 stants of time t = 60cow' (a) and t = lOO1o-
0 PP

-0.02 ------ ------.. -- . . - (b).It is seen from Fig. I that the longitudinal
-0.0 2 electric field rapidly grows reaching
0.08/ / 0.8meCwOpl/e. Note that the original beam parti-

4.1.. /,2 cle density was only 6% of the plasma electron
10 0 0----- -- /'14

'0 .. 20 - ........... . 10 density. The radial electric field Er also grows,

but it reaches a somewhat lower value
eIJz 0.4,e nccopl/e . It is significant that: (i) the finite

3.5 - length of the initial bunch is responsible for the
3 formation of the growing electric field; (ii) the

2.5 Al
2 electric field has a rather high amplitude near the

1.0 axis, this being due to microbunch pinching; (iii)
0-- o the evolution of the instability, giving rise to mi-0.5 /2

0 ;ýcrobunches, leads to some decrease in the phase45 14' /,•. . I& velocity of the perturbed wake wave. From Fig.
-,.. .,2 2 it is seen that the electric charge density distri-

0 t .0 butions of plasma electrons el.Q are similar to

the spatial distributions of the longitudinal elec-
Fig. 3. tric field E,. The highest density value is at-

tained for the 8th microbunch and is 4.5n 0 . It is of importance to note that the maximum of the

beam particle charge density corresponds to the 5th microbunch rather than to the 8th microbunch
and is equal to 1.6n 0 , this being two orders of magnitude higher than the initial beam particle den-
sity value in the long bunch. The spatial distribution of the longitudinal current density of plasma
electrons el. Jhz (Fig.3) also correlates rigidly with the longitudinal electric field E. distribution.

Here attention must be given to the peak current value for the 8th microbunch, which is two or-
ders of magnitude higher than the initial longitudinal current value of REB particles. The present
results show that the nonlinear picture in the plasma-REB system drastically differs from both the
initial picture corresponding to the rigid REB and the one by the scenario following from the one-
dimensional numerical modulation (cf. [10]). This supports in full measure the conclusion given in
ref. [7] about the necessity of taking into complete account the three-dimensional effects and the
nonlinear behavior of both the plasma and the bunch.

4. The spatial density distributions of REB and plasma electrons obtained for the instances of
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time t = 60ao),' and t = I00w..' show that the density ratio nb/no (the initial value being 0.018)

reaches 0.04 as early as at t = 60co-'. At t = i00o)-', the highest beam particle density becomes

commensurable with the plasma density, i.e., a very strong modulation of beam particle density is
observed.

The spatial distributions of the longitudinal E. and transverse Er electric fields show that

the E, and Er amplitudes grow owing to the enhancement in the density modulation.
At t= 100ao;1 the highest longitudinal-field amplitude reaches 0.8mecap /e, and the highest

transverse-field amplitude is equal to 0.4mecwp /e. It is essential that the amplitude growth oc-

curs only within a moderate REB length. Therefore, there is little point in using the REB of the
length greater than that corresponding to the highest longitudinal-field amplitude, otherwise no
increase in the excited wake field will be attained.

The undertaken numerical experiments have demonstrated that the nonlinear dynamics of
the particles of plasma components and bunches results in the following effects: (i) the transverse
dimension of bunches varies within a very wide range; (ii) close to the axis of the system an ion
channel is formed, which is a contributory factor for the stabilization of bunch propagation and
the growth of bunch-generated fields; (iii) an essential increase in the amplitudes of excited elec-
tric fields takes place in the case of a long bunch as a result of its self-modulation. However,
bunches of optimum length should be used, since any excess of the optimum length of the bunch
fails to provide, even at self-modulation, the growth in the amplitudes of excited electric fields.
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ABSTRACT

The report contains the description of operating performances and current status of
the experimental facility that has been deveioped and constructed in view of
experimental study bolh wake-field generatiot in plasma and shaping high-brightness
electron intensive beams. The facility consists of the S-band linac LIC (Laser Injector
(Complex), the plasma source and special equipment for measurement of beam and
plasma characteristics. The combination of nn RF gun with, accelerating section
operating at the 1-st spatial harmonic makes, it possible to obtain electron beam with
energy 13-18 MeV, normalized emittance better than 30ir mm.mrad and density of
particles in each bunch -10 lI cm-3 , Now the favility is used for studing the electron
focusing in plasma by transverse components of wake-fields.

INTRODUCTION

LIC, (Linear Injector Complex) facility was developed and constructed in view of
forming and acceleration of high - brightness electron beams [1]. This R&D was to be
followed by beam research in the following arias: ultra - short wave generation; wake-
field generation in plasmas and other systems; relativistic electron beam focusing in
plasmas. The electron energy at the accelerator output was to be 15 to 20 MeV which is
sufficient to carry out the above programs. LIC basic components are an RF-gun [2,31,
the accelerating section, beam steering and its focusing elements, beam diagnostics,
cooling water system and control elements. The RF system includes a klystron with the
maximum power operation up to 25 MW, a set of waveguides, controllable phase shifter
and attenuator. Having in view the multipurposeness of the facility under development,
we brought out the following major criteria which were taken into account while
choosing the necessary type of the accelerating structure:

- the feasibility of acceleration of beams with high charge in the stored energy mode at
moderate values of RF-power input (P ' 20 MNV);

- reduction of amplitudes, of 'I'FM wave.- whie.h are exited by high-intensity electron
beam and lead to emittance enhancement or even to shortening of pulse length (BBU
instability);

- the feasibility of intense electron beam acceleration with small radial dimimensions
with the minimum number, or even absence, of external focusing elements.

The most attractive was the accelerating structure STRAM-90 (the abbreviation
standing for STRucture Accelerating Modified) developed at NSC KIPT which has been
designed to accelerate intense short -pulsed electron beams in the stored energy mode at
moderate values of RF power input values (P = 15÷20 MW) 14,51. This structure
represents a disk-loaded waveguide with the period being two times higher than that in
the disk-loaded waveguide with 2703 mode. Particle acceleration in such structure is
made by the first spatial mode of the electromagnetic wave propagating in the opposite
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direction to the electron beam. Beside increasing the charge value, which can be
accelerated in the stored energy mode, the STRAM-type structure has the RF-focusing
owing to the presence of a large non-synchronous spatial mode [6,7]. The period increase
also leads to a considerable reduction in the TEM-wave generation, since the particles
are synchronous with higher spatial modes of these oscillations. We have developed a
new vezsion (STRAM-91), pioducing acteleratiui at the first spatial mode, but having
both an increased value of the accelerating field and a low level of higher mode
amplitudes irradiated by particles [41. This was achieved by making use of unusually
thick disks with large values of the coupling hole.

Major parameters section, developed at NSC KIPT, are given in Table.
'Tlhe beam characteristics measurement system consists of two pulsed beam current

monitors, a magnetic particle

Operating mode 41/3 energy analyzer, a unit of
(2703) movable slot collimators, a
Len )2.31 A120 3 screen with a TV camera

Length (im) 2.31 and a multi-sectional Faraday
cap. Beam emittance

Disk thickness, t(cm) 5 measurements at the linac exit
Periodic length, D (cm) _7 7145 are performed by the three
Attenuation, a (I/cm) 2.44 10-3 gradient technique. A
Group velocity 0.01c quadruple lens is used for this
Freguency, f(MIIz) / 2797 purpose together with the
Shunt impedance for synchronous 11.3 particle spatial distribution
space harmonic (MOhm/m) I monitor, placed at a distance of

2in from the lens, and
consisting of a set of moving

slots 0.3mm wide. In order to make estimations of the transverse dimensions a A120 3
screen with TV-camera as well as a sectional Faraday cap consisting of several coaxial
ones arc employed.

CALCULATION AND EXPERIMENTAL RESULTS

At all stages of the accelerator development calculations were performed both
analytically and as computer simulations. In this way, during development of the
acceleration section its geometrical dimensions were calculated, as well as basic RF-
characteristics for operation at 4%/3 mode. Besides, the calculations were done of the
particle dynamics in the sections allowing to evaluate the degree of RF- focusing and
peculiarities of wake-field generation. During designing of the gun, in order to optimize
its resonators and determine the beam characteristics a set of calculations and
simulations (the SUPERFISH and PARMELA codes were used) was performed. In a
more detail, the calculation results are given in [3]. From the calculations it follows that
the gun can be used successfully both in photo- and thermionic emission modes.

In order to study the particle dynamics in the accelerator using the numeric
simulations within the PARMELA code, a model of the entiie accelerator was
constructed including the RF gun, beam-forming elements and the accelerator section.
At first stage we began to study the thermoemission regime with long pulse duration.
Preliminary results show that despite of the high injection energy (Wozl MeV) there is a
strong phase movement of the particles at the initial part of acceleration process. We
connect this fact with the smallness of accelerating field amplitude at the entries of our
section. Under such conditions a strong phase movement can take place at sufficiently
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high energy of the inljected electrons. Under optimnum conditions the length of bunches
can be strongly reduced (trom 50' at the exit of the RF-gun to 40- 7'- at the exit of the
accelerating structure), Very interesting are the results of radial motion. As it have been
mentioned in previous papers [5,6], in the accelerating structure under consideration
there is RF-focusing and at the accelerator exit we should have converging electron
beam. Besides, we modeled various accelerator operation modes and beam relationship
vs. different parameters in order to compare them with experimental results.

Experimental studies in the operation mode of forming and acceleration of single
picosecond pulses require utilization of very complicated and costly laser system. Over
and above, studies on wake-field generation in plasmas in 1995 called for beams of
microsecond duration. In this connection, research into accelerator characteristics
during the initial stage was done at a microsecond beam current pulse. With this in mind,
the gun had been outfitted with a theriioiiic emission cathode 5 inin in diameter [2], The
RF-tuning provided for the equal field strength in the first and second cavities which is
optimum in ease of the therrnionic emission cathode at field strength inside the cavity of
25 to 30 MV/m.

In stable accelerator operation regimes (pulse repetition rate < 6.25 PPS, current

pulse duration 2 ps, RF.-power input -1.8 MW) the typical current pulse amplitude at
the exit of RF-gun was 1.5 - 2.0 A With an optimum phasing of the acceleration section
the output pulsed current was 1- 1. i A making the capture rate near 70% which is in
accordance with the calculated data. Experimentally shown is the possibility of current
pulse reduction at the linac exit from 2 to 0.25 gs by way of decreasing of RF-power
input or increasing of cathode heating. This is accompanied by particle energy decrease
at the gun exit due to beam loading, and only the most energetic electrons become
involved in the acceleration process.

In the experiments was observed a ramp in pulse current of RF-gun and a drop of
field strength in the cavities on account of the electron back bombardment of the
cathode surface. This phenomena was studied during the experiments. It was found that
at a pulse repetition rate exceeding 6.25 pps the overall average cathode surface
temperature went up above 900 C which called for a decrease of the heating, leading
under certain RF-power input conditions to an unstable gun operation.

An analysis of the particle energetic distribution at the linac exit showed that at a
pulsed current I A and pulse duration 1.4g.s the energy spectrum possesses an
additional maximum in the high-energy region. [he shape of the energy spectrum is
determined by particle energy coherent losses (beam current loading). In this way, at
F---L.05 A the mean energy was 13.5 MeV, the width of the integral energy spectrum 7%,
while the width of particle spectrum distribution, as they were injected into the section
after -I Its from the beginning of the pulse. did not exceed 3%.

From beam emittance weasurement. it hfllows that in the vertical plane the integral
(during the entire pulse) normalized emittancc was 26 r mm-mrad. During emittance
measurements in the vicinity of the temporal point corresponding to the current
maximum (-1 ns asler the beginning ot the pulse) this value did not exceed
16 ictmmimrad. Experimental results show that at the accelerator exit we have
converging electron beam. As there is a dependeniee of beam dimensions on the beam
injection phase into the accelerating section we can make a conclusion that this
phenomena is determined RF-focusing.

The beam characteristics were also studied in the photo-emission operation mode.
During BaNi cathode irradiation at the wavelength 355 rum the gun produced pulsed
current 2 - 2.5 A, with the pulse width 6 - 7 ns. At the accelerator output the pulsed
current value was 1.3 - 1.6 A.
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At present, an experimental research on wake-field excitation in plasmas of various
density is carried out at the accelerator. Having this in view, an experimental device was
assembled at the accelerator exit, including a coaxial plasma gun (plasma density being
1010 - 1016 cm-) and a diagnostic set for plasmas and the wake-field. The problem of in-
vacuum separation between the accelerator part of facility and its plasma-relation
portion was solved. Taking into account the fact that the beam has small dinensions
(FWHM less than 1.5 mm), an extended collimator was placed at the accelerator exit
(4 cm long, 4 mm in diameter), as well as auxiliary vacuum pump. First experiments on
beam focusing during wake-field excitation in plasma by a succession of short electron
bunches have been carried out on LIC and coaxial plasma gun [8].

CONCLUSIONS

Thus, NSC KIPT has built and put into operation a multipurpose accelerator
facility for R&D purposes. Our simulations and experimental data allow to state that
combination of an RF gun with the accelerating section operating at the I-st spatial
harmonic makes it possible to create injector accelerators with a high beam brightness.
The subsequent research on particle dynamics in the accelerator should be continued in
the direction of studies on the radial dynamics and clearing out the conditions to provide
at the linae exit for intense beam production with the minimum emittance.
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ABSTRACT

The problem of extending the life-time, of increasing the pulse and average power
of many RF-sources is closely related to the design of their electron guns. As it is known,
the magnetron injecting guns with secondary emission metallic cathodes (SEMI) are
specified by the high current emission density and long life-time. The main goal of these
investigations is to determine the advantages and limitations of using SEMIGs as the
electron source in high-power RF devices and accelerator injector systems. At this stage
we have studied some questions concerning the operational beam stability, voltage and
current increasing. The experiments have been performed by using the experimental
setup to investigate SEMIG linear electron beam parameters from single and multiple
beams gun assemblies with the anode voltage up to 100 kV, pulse duration up to 10 Ps,
repetition rate 50 Hz and 0.1-0.2 T magnetic field strength. Pulse-to-pulse long-term
stability of the annular electron beams (internal diameter nearly equal to the cathode
diameter, wide of ring 1-2 mm (wavelength of cyclotron oscillations)) with beam density
up to 70A/cm 2 (1010-1011 e-/cm 3) have been achieved. It is shown, that the cathode
diameter extension provides a proportionate increasing of the beam current, and in the
case of multiple beam gun assemblies we have separate identical electron beams with the
similar parameters of single-beam gun.

INTRODUCTION

A task of creating the long lived, high-energy electron sources is one of the main
problems in the acceleration engineering. As it was shown earlier [1, 2] the so-called
secondary-emission magnetron guns (SEMIG) with cold metal cathodes are specified by
a high beam density, high lifetime and instantaneous operation readiness. On our
opinion the guns of such a type are highly promising for the use in RF-sources and
accelerators, in particular, in multybeam and cluster klystrons [3, 4] as well as in high-
current injector systems, for example, in the installation such as RK TBA [5], CESTA
TEST FACILITY [6] and ion accelerators driving ring electron beams [7].

The present paper continues the experimental study of characteristics of such guns.
We studied the current-voltage and spatial characteristics, conditions of beam generation
and stability. The amplitude modulation of the emission current in the variable electric
fields was investigated. Presented are the results of studies concerning the multybeams
systems and considering the possibility to increase the output current amplitudes by
changing the geometrical dimensions of guns.

I This work was supported by STCU (project #432)
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DESCRIPTION OF FACILITIES

Constructionaly SEMIG represents a coaxial structure with a copper inner rod being
the cathode and a more extended external cylinder placing the role of the anode placed
in the solenoid providing the longitudinal magnetic field. Experimental studies have been
carried on the test setup comprising:

I) the high-voltage pulse modulator of a linear type capable to change the pulse
shape (duration 2-10 jis, repetition rate 10-50 Hz, pulse voltage 20-100 kv);

ii) the focusing solenoid providing the magnetic field strength up to 0.25 T with a
unhomogeneity in the longitudinal direction no more than 8%;

iii) the vacuum system which gives a vacuum not worse than 10-7 TorT,
iv) the indication system i.e. the pick-up of pulse current and voltage of modulator,

the Faraday cup with the calorimetric measurer of the beam power located at a distance
of 70 mm from the anode section; photometry system for control of the transversal
characteristics of the linear electron flow.

EXPERIMENTAL RESULTS

We have carried out the study of beam characteristics for separate SEMIG's with
cathode diameters in the range from 5 to 80 mm, anode diameters from 26 to 100 mm,
electrode length from 40 to 100 mm. The guns and beams parameters are presented in
Table 1. The measurement were also performed for parameters of the multybeam system
consisting of six SEMIG disposed is a circle of a radius 30 mm, every of them have had a
cathode diameter 5 mm, an anode diameter 26 mm.

Table 1
d, mm f D, mm U, kV I,A B,T

5 26 32 14 0.19
5 50 60 1 0.14

- - - 10 0.20
5 78 26 0.6 0.04
16 26 10 6 0.16
16 50 17 5 0.06
40 50 30 50 0.23
80 100 19 8 0.11

The characteristic oscillograms of the voltage pulse on the cathode and beam current
on the Faraday cup are given in Fig. 1. As in the case when the outer generator is used,
the beginning of the secondary-emission process, and respectively, of SEMIG operation
as a source of the linear electron flow, coincides with the fall time of the burst on the
high-voltage pulse. The minimum rate for voltage decrease of the plane pulse part up to
100 kV is 20 kV/Mps. The increase of a steepness up to 50 kY/ps does not change the
amplitudes of the resulting current, and the change of a burst time in a wide range (from
0.1 to 10 ps) has no effect on the beam characteristics. A comparison of the current in the
system with the current amplitude on the Faraday cup shows that in all the cases these
values are close. The current voltage characteristic of SEMIG's conforms so the "low
3/2"(see Fig. 2).

The investigation of the gun operation stability dependency on the interpulse
stability of the anode voltage has shown that in the constant magnetic field the beam
formation retains in the range of amplitude application ±5% of the nominal value. The
intrapulse voltage instability can also lead to the break-down of secondary-emission
processes (see the oscillogram in Fig.3) due to the incident electron energy decrease
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below the critical value of moment of the field strength increase in time. The use of this
effect in our experiments allowed us to attain the full amplitude modulation of the
emission current at frequencies up to I M-z (see Fig. 4).

Also studied were the characteristics of electron flows from SEMIG's with different
electrode diameters. In particular, Fig. 5 represents the beam current change as a
function of the cathode diameter increase. The measurements were performed at voltage
24 kV for the anode-cathode gap space in coaxial guns 5 and 20 mm (the curves I and 2,
respectively). The analysis of these characteristics enables one to confirm that when the
values of longitudinal and transverse components of electric field do not change the
output current increases proportionally to the area of the cathode emitting surface.

The investigations of the ensemble
consisting of a number of SEMIG's
located in the field of a common solenoid 10kVY
and energised from the one and the same
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high-voltage source have shown that in this case we possess a complex of independent
flows with a similar parameters. The identical beams with the current 18 A each and the
energy 40 keV was obtained in the ensemble of 6 SEMIG's located in the circle of the
diameter 60 mm (cathode diameter 5 mm, anode diameter 26 mm). The recalculation
shows that the beam density in such annular beams is equal to 70A/cm2. (1010-1011 e-
/cm3).

CONCLUSIONS

The experimental research evidences that SEMIG's offer a means of obtaining the
stable linear electron beams of a high intensity and can be used as electron sources for
accelerators and RF-facilities. It is clear that the carrying out of further researches is
necessary for a successive study of gun characteristics as well as peculiarities of such
electron beams RF modulation. Namely these problems lay in the base of our program
of researches.
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Abstract

When an electron source and a target are immersed in an external magnetic field electrons reflected
from a target do not disappear but move along magnetic force lines to the source region where they are
rereflected back to the target by the source electric field. Penetration of reflected electrons into the source can
lead to distortion of the source electric field and through this to change of the limiting current density emitted
by a cathode. Results of calculations of the limiting current density in the diode and triode schemes of an
electron source in the presence of reflected electrons are presented. Density of the space charge of reflected
electrons was calculated taking into account their real energy distribution obtained by means of Monte - Carlo
simulation. It was found that penetration of reflected electrons in the diode can decrease essentially the limiting
current density. When electrons are reflected with the same energy the maximum lowering of the current
density is as much as 3 for reflection coefficient k=-1 and 2 for k=-0.5. Real lowering of the current density for
tangsten target is 1.5. Results of calculations are in a good agreement with experimental data.The analysis
performed shows that consideration of reflected electrons is necessary for correct calculation of the beam power
density at the target and the distribution of the energy density deposited into the target.

Introduction

It is well known that the probability of reflection of fast electrons from a target being
irradiated depends on charge number of a target material and for heavy materials can be rather
high. For example, for tungsten it is close to 50 % . If irradiation of a target is performed
without an external magnetic field, preventing the transverse motion of reflected electrons, then
they leave a target going to the wall of a transport channel or vacuum chamber. So, in this case
reflection of electrons influences on the current, flowing through the target and on the energy
transfered to the target by electron beam, because the part of them is taken away by reflected
electrons. In the case of intense electron beams an external magnetic field is used frequently for
their transportation to the target. This field prevents the motion of reflected electrons in the
transverse ( relatively to the field ) direction . Therefore, electrons moving along magnetic force
lines achieve the region of an electron source where they are reflected back by the source electric
field. Penetration of reflected electrons into the source can lead to distortion of the electric field
in it and through this to change of the limiting current density emitted by a cathode.The influence
of reflected from a target electrons on the current of an electron beam produced by a coaxial
magnetically insulated diode was considered in [1]. Having took into account the angle spread of
reflected electrons authors found from calculation that reflection of beam electrons with the
probability of 50% leads to decrease of 40 % of the beam current. Despite the fact that the
experimentally observed decrease of the beam current is smaller than that theoretically predicted
the results obtained in [1] confirms that the influence of reflected electrons on the operation of
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electron sources and on the energy delivered to a target can be significant. This is very important
when an electron beam is used for modification of the surface of materials. Presently two types
of electron sources are used for production of intense pulsed electron beams for modification of
materials: diode and triode. Triode electron source is used, for example, at the GESA facility [2].
In order to estimate the extent of the influence of reflected electrons on the limiting emission
current density for these schemes of an electron source we performed the calculations taking into
account both the energy and angle distributions of reflected electrons. Results of these
calculations are given below.

Method of calculation

Diode. Let as consider the diode, consisting from two flat electrodes - cathode and anode.
A magnetic field is perpendicular to the surface of electrodes. As usual to determine the limiting
emission current density we will use the Poisson equation with zero boundary conditions at, the
cathode surface

d 2U pi P 22-+2 -- 1
dz2 o C E

u(o) = u'(o) = 0,
u(d) = U.,

where p, and P2 are the density of the space charge of primary and reflected electrons
correspondingly, U is the potential, d is the interelectrode gap, eo is dielectric constant. Space
charge of reflected electrons is considered doubly, because they move twice through each
cross-section inside the diode.

As usual the density of beam electrons is connected with their current density j] through
the relation

Pl Jl (2)

Mm

where e and m are the electron charge and mass correspondingly.

Having integrated the equation (1) one can obtained the following expression for the
limiting current density in the presence of reflected electrons

1 2e U."2

m dF (3)

where parameter M is determined by the energy distribution of reflected electrons through the
following relations

[4Fq,•) J C 00 •
d2

F01 J -de dE, (4)
0 =d6
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where e = EoI(Eo),..x = Uo/U,,; Eo is initial energy of reflected electrons; to=U/U,,; dj2/de is
the energy distribution of reflected electrons.

Triode. In the case of the triode scheme of an electron source the method of calculation is
the same but now Poisson's equation has to be solved separately for two gaps: cathode-grid and
grid-anode. We will consider here the special type of the triode in which the grid and anode are
connected through the resistor R. In this case the grid potential depends on current to the grid
and on the magnitude of R. Therefore one can control the grid potential (and through this the
limiting current density) simply by means of the change of the resistor magnitude.
It is known that in general case the distribution of the potential in the grid-anode gap can have a
minimum which magnitude Urn is less then the grid potential Ug. It is clear that if the potential
distribution has such form then the distribution of the space charge of reflected electrons in the
cathode-grid gap is sensitive to U, ,,, (or (om,) because the region with qp<o, can be achieved by
reflected electrons initial energy of which e is not less then 1-qo, but the region with AV<(og is
achievable for electron with c -l-q'm. Taking this into account we can write the following set of
equations for determination of the limiting current density in the triode

d2 rp ___d 2 
- (', +2p 2 ), (5)dZ2 Co. "UP

1-g = Vg .jl((pggEO, ).Sk .R/U 0 , (6)

q(O)= qo'(O)=O, 4dcg)= (pg, 4d):1. (7)

Here: vR= (1 - a + ka km - ka 3 . km) - is the coefficient accounting the current to the grid of

both primary and reflected electrons, Sk - is the cathode area, a - is the grid transparency, km,2 - is
the coefficient, determining the part of electrons passed through (,, and penetrated into the
cathode-grid gap.

After integration one can find the dependence of the limiting current density j on (pg and (P,,:

1 /-2re U.312 whd~o

Ji =8 • •_m_( ,(p,)U; , where Ml((pg q F(, (8)
J 2 I Og d 2k1a2g P

2Fq= Y2 + 2kao2 +F0 1((p)d'o, for 0 <'p <qre,, (9a)

2ka 2 FdV + 2ka 2 .for (pm<V<9pg (9b)

1 0o C 0 Pý
d2  M q, + _p d' 12, for 1,, do 12

-2 8 M2((l )) L v Fl 2 (q,9m)J Lo") ' d ,) (10)Ir)' 1 13ý'(
The magnitudes offj, Pg and (p, are determined from equations (6), (8) and (11)

F1  2e U 3 /2 11/2

dg., = Zg,(, )=j~ mj(0) *(M3/(p)M2'4.(1

If V mis absent than F11 is determined by (9a), j, and (pg can be obtained from (6), (8).
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The angle distribution of reflected electrons can be described accurately by the function
cosO for various materials [3]. Taking this into account one can refine the expressions for Fol,
F02, F03.

dJ2  dj2  Fe - (i-q )1V2 2 d
) de F dc arc1 (l ) de Y2

21_ 8 1/ 2 F02 9  1-GO) 1/2 , F3() = (12)

The expressions for F,(&p), FI(op, (Ad, F12(qP, q0), F]3(qa, e,, M, M1, M 2, M 3 andj1 are unchanged

Results of calculations

Calculations performed with the model energy distributions (uniform, linear, 6-function)
showed that reflected electrons can decrease essentially the limiting current density of an
electron source. For k=J the maximum lowering of the current density is as much as 3 (energy
distribution is 8-function). For k=0.5 the maximum value of this factor is 2.

Real energy distributions and reflection coefficients were obtained with the help of Monte-Carlo
simulation. Calculations were performed for carbon and tungsten targets and for GESA facility
conditions: U,,=120 kelV, dcg= dga=6 cm, a = 0.8, R = 580 d2. The results are the following:
for W." jl/jo = 0. 68, for C: jl/Jo =0. 96. Here jo is the limiting current density in the absence of
reflected electrons. The lowering of the current density is practically the same for the diode and
triode schemes of the electron source.. Results of calculations are in a good agreement with the
experimental data obtained at the GESA facility.

Conclusion

The influence of electrons reflected from a target in the presence of external magnetic field
on the limiting emission current density in the diode and triode schemes of an electron source
was analysed taking into account energy and angle distributions of reflected electrons. It was
found that reflected electrons can decrease essentially the limiting current density of an electron
source. When electrons are reflected with the same energy [the energy distribution is 6-function]
the maximum lowering of the current density is as much as 3 for reflection coefficient k=l and 2
for k=0.5. Real lowering of the current density for tungsten target is 1.5. This is in a good
agreement with experimental observations. Results of calculations show that consideration of
reflected electrons is necessary for correct calculations of the beam energy deposition into a
target and for better understanding of electron sources operation.
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GENERATION OF UNIFORM PLASMA EMITTERS
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Development of sources for generation of beams with largely different dimensions
encounters special and even opposite requirements with respect to the emitting plasma
parameters. For example, in narrow beam sources extraction of charged particles is enhanced,
as a rule, by producing a sharply nonuniform plasma having the maximum concentration near
the emission aperture. For this purpose, special measures are taken in order to increase
ionization in the said region and impede escape of particles therefrom. In particular, strong
magnetic fields are often applied to improve the extraction efficiency. In the case of broad
beam sources one of the main requirements consists in generation of a uniform plasma in the
discharge system of the source. This problem seems to be solvable in quite the opposite way:
rpfuse applying magnetic fields and provide a uniform ionization in the discharge chamber. In
high-pressure discharges, when particles are lost through volume recombination, a uniform
ionization indeed causes appearance of a uniform plasma having the concentration

n= G//8, (1)

where G is the number of ionizations per unit time in a unit volume and 61 is the recombination
coefficient. However, the situation is largely different in low-pressure discharges, when
particles are lost at the walls of the discharge chamber. A simultaneous analysis of ionization
processes and motion of particles need be performed to determine conditions necessary for
formation of a uniform plasma in these discharges. Results of such analysis are presented
below. They show that under certain conditions a uniform plasma may be produced just in the
presence rather than in the absence of a magnetic field.

Before analyzing conditions in various discharge systems with magnetic fields, consider
the formation of the radial profile of plasma generated inside a long cylindrical electrode having
the radius R under different conditions of ionization induced by an external source in the
absence of a magnetic field. Assume that the space distribution of more mobile electrons obeys
the Boltzmann law:

n. no exp (e , (2)

where ne is the electron concentration; no the concentration at the cylinder axis; e the electron
charge; V the potential; k the Boltzmann constant; T the electron temperature. Neglecting the
pressure tensor, write the equations'of continuity and motion of ions in simplified form:

nv, d(nv ,) G(r). (3)

r dr
n, v d (n .v) en, dq

F = (4)
r dr Mdr'

where ni, vi and M denote the concentration, mean velocity and mass of ions respectively. The
equations (2)-(4) and the quasineutrality equation

ne = ni = n (5)
were solved for two cases: 1) G(r) = G, - const, 2) G(r)=G2r. Proceeding from the
assumption that quasineutrality is disturbed near the electrode only, it is possible to derive an
analytical expression relating n and r as
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() 2~ o 2/3 ~j (6)

for the first case and as

no)I/7 (7)
W 4 3 noi

for the second case. The concentration is maximum at the center of the system and decreases
gradually towards the periphery. However, in the second case, when ionization is not uniform
and occurs mainly in the near-elecirode region, the concentration decreases more gently and
plasma is nearly uniform in most part of the gap. Thus, to produce a uniform plasma in low-
pressure discharges, one needs to provide a nonuniform ionization with a low probability at the
center of the system and a high probability in the near-electrode region.

When plasma is generated not by an external source but in a self-sustained glow
discharge, with a cylindrical electrode acting as the cathode, a nonuniform ionization with a
high probability in the near-cathode region may be realized if a magnetic field, which impedes
the escape of fast ionizing particles from this region, is applied. However, the magnetic field
may largely limit. the electron mobility, making the Boltzmann distribution invalid. Let us
discuss the formation of the plasma profile in the inverse magnetron-type system comprising
two coaxial cylindrical electrodes. Assume that the transport of electrons to -the anode, which is
represented by the internal electrode of the radius re, is due to the drift, and diffusion of
electrons across the magnetic field:

neVe =De d-len dp (8)

dr efedr'

where ve, De and pe stand for the mean velocity, diffusion coefficient and mobility of electrons
across a magnetic field. The continuity equation for plasma electrons has the form

nfeVe d(neve) = G(r) (9)
r dr

For the self-sustained discharge G(r) = vinj(r), where vi is the ionization frequency and nf the
concentration of fast electrons, which are emitted from the cathode as a result of y-processes
and acquire a high energy flying through the cathode region. Ionization due to plasma electrons
is ignored. A weak electric field of the plasma affects little the motion of fast particles. These
particles are transported across the magnetic field mainly through diffusion:

flvf = -Df dff (10)
nfvf=-Dfdr

where vy and Df denote respectively the mean velocity and the diffusion coefficient of fast
particles across a magnetic field. Upon relaxation, the square of the velocity of a fast particle
changes from 2eU/m (U being the cathode potential fall nearly equal to the discharge voltage
and m the electron mass) to about kT/m. Considering that eU» kT, the mean square of the
velocity of fast particles may be assumed to be eU/m. Then we have the following expression
for the diffusion coefficient:

_ eU Vf
Df 3 1 (11)

where vf is the effective collision frequency for fast electrons and ow is the Larmor electron
frequency. Write the continuity equation for fast particles as
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1d(rnfvf) nf=--- (12)
r dr T

where T is the characteristic relaxation time for fast particles. This characteristic relaxation time
may be expressed as

SeU. (13)
Wvi

where W is the mean energy consumed for formation of a pair of charged particles when a fast
particle is decelerated in the gas. The effect of the magnetic field on ions may be neglected and
the equations of motion (4) and continuity (3) may be used in their previous forms. The
quasineutrality equation (5) may also be used originally, because fast particles contribute little
to the total concentration of electrons. By solving the set of equations (3)-(5), (8)-(10) and
(12), it is possible to determine the intervals of pressures and magnetic fields, at which a self-
sustained discharge is realized, and calculate the discharge operation voltage as a function of
the magnetic induction B. The plasma concentration profiles can also be determined for
different conditions. The shape of the dependences n(r) is affected by both the value of the
magnetic field and the gas pressure P. However, by and large, one may state that a strong
magnetic field gives a sharply nonuniform distribution with a maximum concentration near the
cathode. A nearly uniform distribution in most part of the gas-discharge gap is possible in a
weak magnetic field. These results agree with experimental data obtained for electrode systems
having different dimensions. Figure 1 shows radial dependences of the probe ion current for
different magnetic fields. These dependences were registered using a cathode 50 cm in
diameter and an anode 1 cm in diameter. The anode was shorter than the cathode and plasma
could penetrate into the axial region between the anode and the end electrode being at the
cathode potential.

Now let us consider the discharge in the Penning system, when a cylindrical electrode
serves as the anode and end electrodes act as the cathode. Consider first an important particular
case allowing for an analytical solution. Assume that no radial electric field is present and ions
go to the cathodes along the magnetic field without displacement in the radial direction. The
radial motion of both fast and plasma electrons is described by the previous equations, but the
drift term is omitted in (9). The continuity equation remains unchanged for plasma electrons,
but for fast electrons it becomes

I d(rnfvf) _ YfliVb nf(

r dr L -'

where L is the spacing between the 'cathodes and vb = AkT /M denotes Bohm's characteristic

velocity of ions leaving the plasma. The first term in the right-hand side describes formation of
new fast particles as a result of the ion-electron emission. Under these assumptions and taking
that the concentration of fast particles at the anode (which absorbs these particles) turns to zero,
the radial plasma profile is

n = noJo(2.4r/R), (15)

where Jo is Bessel's function. The radial electric field is absent only when

m° =2 R2  (16)

P=Po=2.42 MLVb Veo,

where Veo is collision frequency for electrons at unit pressure. When P < Po, a radial electric
field arises and makes ions move to the center of the system. Calculations show that in this case
the plasma concentration decreases in the radial direction more abruptly than predicted by the
relationship (15) and turns to zero at r < R. Then an electron layer is formed near the anode.
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When P > Po, the electric field makes ions move to the periphery. The plasma concentration
decreasesmore gently. However, even at high pressures that cannot be used in the sources the
concentration gradient is relatively large. Thus, in the original Penning cell a uniform beam
may be formed due to emission of particles from a relatively smallaxial region of the plasma.
A nearly uniform plasma may be produced in most part of the discharge system, if special
measures are taken to decrease ionization at the center of the system and/or increase ionization
at the periphery of the system, as in the case with a cylindrical electrode functioning as the
cathode. Ionization may be decreased at the center of the modified Penning system sketched in
Fig.2, where one of the cathodes consists of the disk and the ring, the potential being applied to
the disk is lower than potentials of the other cathodic elements. The increase in ionization at the
periphery may be realized in the system illustrated in Fig.3, where additional particles are
supplied from an auxiliary hollow-cathode discharge. Figure 4 shows radial profiles of the ion
current in the Penning cell (curve 1) and in the modified Penning system sketched in Fig.3
(curve 2). It is seen that, indeed, the auxiliary discharge considerably improves the distribution
and provides a nearly uniform plasma in a certain part of the discharge gap.

Our investigations show that at some conditions a uniform plasma may be generated in
systems with magnetic field. Therefore these systems may serve as generators of broad beams.

j, tA/cm2
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Characteristics, performance and design feature of a filament less plasma cath-
ode electron gun for beam generation in forevacuum gas pressure range are pre-
sented. The plasma cathode is based on hollow cathode dc discharge. Using
method of "grid stabilization" it was possible to generate e-beam under the
background gas pressure as high as about 10-1 torr. This pressure can be easy
obtained by the only mechanical pump. Presence of a magnetic field is one of
requests for several applications, such as plasma chemistry and surface treat-
ment processes. So operation of the gun under the B-field up to 0.1 T was in-
vestigated. It was observed an influence of the B-field both on discharge and
emission parameters of the gun. The results obtained can be explained based on
idea of electron confinement by magnetic field and it's motion across the B-
field. With the accelerating voltage up to 8 kV the gun is able to generate of
about 0.7 A dc electron beam.

I. INTRODUCTION

For a number of electron beam applications such as e-beam welding, surface treat-
ment and plasma chemistry it is important to have the beam in forevacuum pressure
range (10 - 100 mtorr), that can be reached by the only mechanical pumps.

Under so high pressure a conventional e-gun based on hot filament (thermionic
emitter) has a short lifetime. With this kind of electron emitter to generate the beam un-
der relatively high pressure one needs to create a pressure drop at least two orders of
magnitude between beam generation and beam application areas. This requests a long
beam line separated by deferential pumping. The problem becomes even worse in pres-
ence of aggressive gas media. One of the method to solve this problem connects to using
a plasma cathode electron source - a device based on electron extraction from plasma,
that is generated in low pressure filamentless discharge system [1-4]. Absence of the hot
electrodes is one of the main advantage for plasma cathode electron sources, making
them possible to generate electron beam in residual gas pressure of tens millitorrs [5,6].

In this paper we report a schematic view and results of investigation of plasma cath-
ode electron gun, which is based on hollow cathode glow and is able to produce dc elec-
tron beam in the forevacuum pressure range.

II. EXPERIMENTAL ARRANGEMENT

The electrode configuration of the plasma cathode e-gun (Fig. 1) consists of a 50
mm diameter, 100 mm length hollow cathode 1, plane anode 2 and electron extractor 3.
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The hollow cathode bottom has a centric hole, in experiments its diameter was either d,
= 16 mm or 25 mm. Electrons are extracted from the plasma surface through the anode
hole of da 16 mm. The extractor hole
has the same diameter (de = da), and
accelerating 9

gap of the gun is 10 mm. The hollow
cathode 1 was made from stainless steel, B

There are also ceramic insulators 2,5anode 2 and extractor 3 - from copper. +/

and air cooling system. To produce a
longitudinal magnetic field (up to 0.1 T) 63
a solenoidal coil is used. 4_4

A vacuum vessel with e-gun was -- 5
pumped up to p = 1 mtorr. The only 7
mechanical pump was used to obtain
such pressure. There were not in ex-
periments special gas feeding to the 10
gun, to increase the pressure the gas lb 8
was adjusted by variation of the gas
flow exactly to the vessel. Maximum
operation pressure for e-gun was as 1 - hollow cathode, 2 - anode, 3 - extractor,
high as about 100 mtorr. Two dc 4,5 - insulators, 6 - keeper, 7 - flange, 8 -

power supplies - 1 kV, 1 A and 10 kV, collector, 9 - plasma, 10 - electron beam

I A were used for discharge and beam
respectively. Connections of the elec- Fig. 1. The scheme of electron gun
trical outputs of the power supplies to the gun electrodes are also shown in Fig. I. There
were measured in experiments discharge Id , total emission le and beam lib currents, as
well as discharge voltage Ud.. To measure Ib a Faraday cup was used. The cup was lo-
cated at the axis 5 cm or 40 cm far from the accelerating gap. There was no special dis-
charge triggering, to ignite the discharge the pressure in the vessel was temporary in-
creased.

III. RESULTS AND DISCUSSION.
> 600

Differences in electrode configura- 3 -,
tion of discharge (hollow cathode) and -0-2

extraction (plane) systems lead to high 3

effective ionization in discharge area and,
at the same time, its low rate in the ex- 40G
traction gap. That give us possibility both
to produce dense emission plasma in the i5
hollow cathode and to prevent electrical
break-downs in the extraction area. That 6 g 10 15 o
is why we get accelerating electron beam
in forevacuum pressure range. Magreic tield strength B, m'

Because of presence a magnetic
field in beam treatment area, the main Fig.2. The dependence of discharge voltage
task of experiments, reported here, was Ud on magnetic field B at gas pressures:
investigation of the magnetic field influ- 1- 10 mtorr, 2 - 36 mtorr, 3 - 60 mtorr.
ence on discharge and beam parameters, Ua= 4 kV, Id= 200 mA.
especially under the maximum possible
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value of the gas pressure. As followed from experiments the magnetic field makes essen-
tial changes both on discharge and emission features of the e-gun. Increase of magnetic
field strength provided falling of the discharge voltage Ud (Fig.2). One can see from this
picture the lower pressure the stronger influence of the magnetic field.
This result may be explained due to more
losses of high energetic electrons, which under the low pressure are able to leave the
hollow cathode without spending their energy for ionization. Magnetic field confines
electrons, rising their oscillations inside the hollow cathode and thus provides higher
ionization rate. This provides low value of the Ud.

Emission properties of the e-gun with magnetic field depend on ratio di1da. With
d,= d, we did not observe any essential influence of the magnetic field on the emission
current le (Fig.3.a), but the situation had changed if d, > d,. In the last case increase of
the B-field reduced I-(see also Fig.3.a). As for beam current Ib, magnetic field had influ-
ences on both cases, but more efficiently when d, > d, (Fig.3.b). Difference in emission

2 0 ' ,. 2 0 0 - .. . . . . .. . .

180 180-

160 1I60-

14C _1140-
12C1 @_2 120- _-,-4

80 80.

0 5 10 15 20 25 30 0 5 10 15 2D 25 30
V'sgneic field srergth B, mTI Mageic fil rengh B, mui

(a) (b)

Fig. 3. The dependence of emission current 1e (a) and beam current Ib (b) on mag-
netic field. Gas pressure p = 8 mtorr (1,3); 22 mtorr (2,4). 1,2 - cathode and anode holes
are equaled (de = da); 3,4 - dc > da. Ua = 4 kV, Id = 200 mA.

properties may be connected to confining the plasma electron by magnetic field. Without
B-field, the electrons from any place are able to move in emission hole, but with the field
electrons, leaving the hollow cathode can follow just along of the B-field lines. Therefore
for case, when d, > da, part the magnetic lines located in the cathode hole, cross also an-
ode surface, that leads to losses of the electrons on the anode and thus to decrease of the
emission current. If d, = d, , the magnetic lines from the cathode hole do not cross the
anode surface and so magnetic field does not influence on the I,. Behavior of the electron
beam current with magnetic field is mostly consequence of influence the magnetic field
on emission current [7]. Under the approximately constant value of the emission current
we observed weak enhancement of the beam current with the magnetic field (Fig. 3b). It
may be connected to less beam losses because of electron beam confining in B-field. One
can see from Fig. 3, the higher pressure the more emission and beam currents. In our
opinion, it is a result of increase the plasma density in the emission hole because of more
effective ionization processes.

Maximum values of the beam current are also determined by magnetic field. Fig.4
presents dependencies of the beam current Ib on the discharge one Id under different val-
ues of magnetic field. As follows from this picture there is an optimum of Idn.ax when lb
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reaches a maximum value. Magnetic field moves I. towards higher values. Beam cur-
rent follows U,.. The same tendency can be observed with decrease of the pressure. In
any cases higher discharge current, providing more plasma density, should lead to pro-
portional increase of emission current. For the beam current this influence is not obvi-
ous, because of electrons losses on the extractor electrode. Due to penetration of the
emission plasma into accelerating gap with enhancement of the plasma density resulting
configuration of accelerating electrical field may provide defocusing of the beam and es-
sential losses of the electrons. Magnetic field is able to prevent this negative influence by
confining the electrons. With higher pressure because of more collisions between elec-
trons and atoms influence of magnetic field becomes weaker.

300.
A 400-

S200' 30

S200-

88
Em 100 E 100.

100 260 300 460 100 200 300 400 500 600
Discharge current Id, mA Discharge current Id, mTA

(a) (b)

Fig. 4. The dependence of beam current Ib on discharge current Id for gas pressures
p = 60 mtorr (a), 10 mtorr (b) and for magnetic fields B = 0 (1), 6 ioT1 (2),
17 mTl (3). Ua = 4 kV.

Under accelerating voltage of 8 kV, gas pressure up 60 mtorr the e-gun produced the
beam current as high as 700 mA. The beam was successfully transported in magnetic
field on a distance of about 1.5 meters without any essential losses.

Authors are thankful to P.M. Schanin and A.A. Ivanov for support of this work.
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Abstract

The electrodynamics of the inductively coupled cavities blown round by a tubular
electron beam and filled with plasma has been theoretically investigated. The
dispersion equation is derived. The topography of the fields and HF-power flow
distribution is investigated. The interaction of the electron beam with the structure
of this type is considered. The amplification factor is obtained and efficiency
estimation is made.

structure. The last part represents the
1. INTRODUCTION interaction of the electron beam with

eigenmodes of the PICICC structure.
In previous paper [1] the inverted chain of
cavities (i.e. beam propagates outer the 2. DISPERSION EQUATION
cavities, but non-near the axis) was
investigated as a perspective slow wave The eigenmodes problem for the PICICC
structure for high-power devices. Because in structure depicted in Fig. 1 was solved by
this case the excited HF-power flow method of partial regions [2] and taking into
propagates through the region, where both account the Meixner condition for
electron beam and plasma are placed, beam electrostatic peculiarity near the edge of the
and plasma disturbance by strong HF-fields disk [3]. The theory of the slit antenna [4]
limits the power level. To avoid it in the was used for the obtaining of the change of
considered structure the cavities are proposed the cavity fields caused by the slit and for
to couple inductively by the slits so that the finding the slit field itself
HF-power flow can propagate mainly through r A-A

the cavities. Such plasma filled inverted chain ........
of inductively coupled cavities was called -
PICICC. Besides of advantages of the inverse -_
structure [1] providing a high level of power
generation due to large cross-section of the
beam and broad band caused by the coaxial
type, proposed PICICC structure allows also
to separate the places of beam-structure
interaction and excited HF-power
propagation and to avoid the beam and
plasma distortion, leading to the low Fig. I Inverted chain of inductively coupled
saturation level. The paper consists of three cavities.
parts. In the first part the dispersion equation
is being derived. The second one is devoted The dispersion equation was derived by field
to field's topography and HF-power flow matching at the boundary between region I
distribution over the cross-section of the and II including the influence of the slit.
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It has the following view Y=.
d d d

x Ji(Tmb) No(rma) - N, (Tmb) J J( _a) 0,

Jo(Tmb) No(rma)- No(rmb) Jo(rma)

- Jj(kb)'No(kp)-Nl(kb)'Jo(kp)
Jo (kb). No(kp) - No(kb)" Jo(kp) 0,2 0,4 Ol 0,, ,0

Jo(kr, )No(kp) - No(kru,)Jo (kp) (1)x

Jo(kb)No(kp)-No(kb)Jo(kp) Fig.2 Dispersion characteristics in the absence

S. S W (f8o D ) x of plasm a (cop= 1) at various value of the slit
-S )'2tg-). - X half angle: I (gPo= 0), 2, 3, 4, 5 ((o = 100,kd 2

gkb. 1200,300,400).

k lg(b p) k 'P( The number of the curves 1, 2, 3, 4, 5 are

where k = /D , • is the mode frequency, c is corresponded to the slit angles go 00, 10'
200 , 300 , 400 respectively. The typical slit

the light veloct 6= , cop is the influence on the dispersion properties as, ity -follows from Fig.2 is the. dispersion curve
plasma frequency. Jo,i ,No., are Bissell and sagging at the large wave number up to the
Neuman functions of the 0,1 order, appearance of the negative dispersion.

6.m = fl0 + 2mD-, o is the longitudinal wave For plasma filling new branches are appearing
that corresponds to Trivelpiece-Gould modes.

vector, m = 0, 1... are numbers of Floquet Besides the dense spectrum is observed due
harmonics, D, d, p, a, b, h, r. , go are to many radial and spacious modes
geometric parameters of the structure overlapping. In Fig.3 this picture is

indicated in Fig. 1, • W a = g-(-), represented for plasma density awp =0.2-'cinicte in Fi.1..4=•• D

( 2 
-

2  CO 2 2 and slit angle Po= 4 0 ° with dotted curve for
,k 2' vacuum case 03p=0.

y, is determined from equation r
Jo(X, r).0No(Xb)-No(Xsr).Jo(Xsb)= 0 42

'fls (zsr) = J, (Xr) " No (zsb) - N, (Xr) -J°(b.b),

for s =1, 2, .. and '' 10(r) fr f..s=

Numerical solutions of the dispersion
equation (1) are represented for vacuum case ,',f....

(cop = 0) in Fig. 2 as a set of dispersion curves
D

on the plane {x, y}, (where x =3o- and 0. 0.2 a24 0 4 ,

a.D
y = - are normalized wave number and

nc Fig.3 Dispersion characteristics at plasmafrequency respectively) for the following dest 02Icanslthfagego

parameters: d = 0.8D, p = D, a = 3.4D, h - density wv =0O2DC and slit half angle o=
0.2D, b = 3D, rm=2,4D. 400.
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It should be noted that plasma filling leads to cavity and plasma density wop = 0.2Dc and

the disappearance of the negative dispersion. slit angle 400. Here E,0, E1o, E, 0 are the
So at plasma presence the slit influence is amplitude values on the axis. The dotted
sufficiently depressed. Additionally the phase curves correspond to the vacuum case. It is
velocity (slope angle) at small wave numbers seen that in the beam transit region
is growing with plasma filling, longitudinal component Ez(r) has volumetric

type. It should be marked that the fields has
POWER FI LOW TOPOGRIBUT N -essential changing near the slit regionPOWER FLOW DISTRIBUTION r,/D=2.4.

The radial topography of the longitudinal field The HF-power flow is in opposite direction

Er), that determines the electron beam to the beam propagation that corresponds to
htransverse the negative dispersion. For vacuum case atcoupling with the mode and of the thnves

components Er(r), Hp(r), that are responsible e given above parameters a half of HF-

for HF-power flow value are represented in power are propagating through the cavities

Fig.4, for the middle cross-section of the slits.

E 1E0/o 4. INTERACTION OF THE
ELECTRON BEAM WITH ICICC

\. STRUCTURE
Y0,5\ \ \1 " The main characteristics of the beam-

2,0 6,0 structure interaction is the coupling
coefficient k•, that is determined by the

Er/C,. 0 o expression [5]

k,=iz4 JlEZ dS, (10)(\ kc2floP 47r So

where P = c Re rg - is the time_ > ?.. r/V 8ff s

"" ,0 6,0 averaged power flow intergrated over the
cross-section S of the transit canal, So - the
cross-section of the electron beam. In Fig.5

0 /

2,0 4.0 6,0 I

Fig. 4 Radial topography of the field
components E,(r) (a), Er(r) (b), H,(r) (c), Fig.5 The dependence of the coupling k,
normalized on their value at the axis r=0, in
the middle cross-section of the cavities. 130.
Dotted line corresponds to the vacuum case
(cop = 0).
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The coupling coefficient in dependence on the The dependence of the interaction efficiency
wave number is represented for vacuum 1i determined by the relation
(dotted curve jP=O) and plasma (solid curve Pmax

S0. 2 -c) cases. Wbflb 0Sf0
"D (Pmax is maximum power flow determined by

For some region of wave number the •fields at saturation level, Wb is kinetic
(160 D = 0.5÷1.0) the coupling coefficient is energy of the beam electron), nb, U0 are the

c l density and velocity of the beam respectively.

sufficiently higher for plasma case. Some upon plasma density is represented in Fig.6,
peculiarities seen on the curves correspond to normalized on the efficiency n for vacuum
the points where group velocities are equal to case. It is seen that the efficiency is growing
zero. with plasma density increase, has its
The amplification factor was derived from maximum for optimal plasma density
dispersion equation (1) numerically. Its value 1 I 7n

allows to estimate the maximum amplitude of f0pt 4 D

the exited field proceeding from the
assumption that the saturation is caused by SUMMARY
particle beam trapping in the well of the
wave. The obtained electrodynamic properties of the

plasma filled inverted chain of inductively
coupled cavities (PICICC) and results of
beam-structure interaction revealed some
advantage of the PICICC-structure due to
both cavities coupling by means ofthe slit and
by plasma filling. The operation of this

4 structure in high beam current regime needs
to be investigated before elaborating of the
high power device.

2
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Abstract
The high voltage accelerator of the diode type for operation in the open air are described
and several experiments on nonsinusoidal HF-radiation which have been carried out with
this installation are represented. Mounting of the accelerator out of the building is
conditioned by some applications on the electromagnetic fields generation and their
propagation in the open space. The beam parameters are the followings : maximum energy
is 1.2 MeV, maximum current 10 kA, and pulse duration is 5-15 ns. The nonsinusoidal
oscillations like a sequence of separate pulses with alternative signs are registered by horn
antenna at a distance from 50 m to 1 km . The simulation of beam electrons radiation in a
oscillating virtual cathode has been performed to explain the mechanism of observed
generation.

1. INTRODUCTION was produced by the accelerator, mounted in
open air. Placing of the accelerator out of the

The recent progress in elaboration of building is conditioned by the main objective -
high power sources of monochromatic HF- to investigate the propagation of the
emission are impressive. However many goals nonsinusoidal waves in open space. The
in radar and communication technique can be accelerator consists of the vacuum chamber,
achieved exclusively by means of solitary high voltage diode, and high voltage pulses
video-pulse or nonsinusoidal waves [1]. generator. The electrical insulation in vacuum
Using of high power electron beams for the of the long gaps (about 1 m) under the action
generation of nonsinusoidal oscillations have of the I - 2 MV voltage pulses were studied.
been investigated and represented in this It was established that the insulation in
paper. As a generating system the vircator vacuum is broken down after 10 - 20 sec of
was used. The setup of the high voltage high voltage pulses action. The influence of
accelerator of diode type is described in Sec. the material and geometry of the cold cathode
II. The measurement results of the installation on the parameters of the high-current beam
operation and the experimental results of HF- were investigated. The use of the plane
generation are represented in Sec. III. In graphite cathode was shown to increase the
Sec.IV the simulation results are given, parameters of the high-current electron beam.
Conclusions are derived in Sec. V. It was found that magnetic insulation

stabilizes the diode operation and increases

the energy, current and pulse duration of the
2. HIGH VOLTAGE ACCELERATOR electron beam.. The experimental technique

was proposed and the total energy of the
In our experiment electron beam was electron beam was determined by means of

used with the following parameters: absorbed X-rays dose measuring for one
maximum energy is 1.2 MeV, current up tol0 pulse of the electron beam during its
kA, and pulse duration is 15 ns. The beam interaction with the solid target. The vacuum
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chamber represents stainless cylinder of
height 1.1 m and diameter 0.7 m on which the
high voltage vacuum insulator was installed.
The insulator with corrugated outer surface h
has height 6.6 m, outer diameter 0.94 m,
inner diameter 0.7 m. The orientation of the A

accelerator is vertical. Vacuum 103 -_10-
4

Torr was provided by oil pump assembly. The
accelerator section represents high current
diode with cold graphite cathode placed on
lower part of vacuum chamber. The cathode
of diameter 5 cm was settled by means of a 2
rod electrode passing through the axis of
dielectric insulator. The electrode was
supported to metallic flange on the upper part
of vacuum chamber. In the diode magnetic 3
insulation was used for forming and
transporting of the beam. By this reason as an Ca
anode the rigid one-layered solenoid
performed from copper bar (diameter 0.8 cm)
with step 3 cm was taken. The solenoid Fig. 1. The scheme of the experimental

diameter was 20 cm. The maximum value of installation. K - cold cathode, A - anode

pulse magnetic field reached 10 kG. (solenoid), 1 - metallic vacuum chamber of

Marx generator as a high voltage source the accelerator, 2 - dielectric camera, 3 -

was placed in open air. The main parameters metallic disk, C1-C 2 - capacitor divider of the

are the followings: maximum stored energy is voltage.

0.32 MJ, operating voltage is up to 4 Mv,
charge capacity is.40 nF, sizes 3.8x5.6x12.7 3. EXPERIMENAL RESULTS

mi3. The generator has produced negative
voltage pulse that was applied through the The typical oscillograms of beam current

line in air to the cathode of high voltage and diode voltage are represented in Fig.2.

diode. The accelerator used and Marx
generator is described in details in [2].

The scheme of the experiment is 10 kA -

represented in Fig. 1. Electron beam formed
in magnetically insulated diode with cathode
K and anode-solenoid A was injected in
dielectric (ceramic) camera 2. As the beam 1..1
current was less than critical one (up to 10
kA) it was needed to use the camera for
originating of the virtual cathode, that can 720 kV .....
arise at falling on the inner wall of the camera
and on the metallic disc 3, isolated from t,1/

ground and during accumulating in the
camera volume. The camera dimensions are: Fig. 2. Typical oscillograms of beam current
inner diameter 0.5 m, height 1.2 m. The and diode voltage.

camera potential was measured by capacity Beam current was registered by Faraday cup
divider C1 - C2. placed at exit of magnetic tract A using low-
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resistive shunt. During measuring the beam wave length less 3 cm). On oscillograms in
did not penetrate into dielectric camera. Fig.4 are represented the fragments of

Electron beam injection into dielectric oscillations that are registered by a horn
camera resulted the arising of space and antenna in the range of wave lengths 3-30 cm:
surface charge and virtual cathode formation, ((a>) corresponds to speed of scanning 10
generation of intense nonsinusoidal ns/div, ob)) is the same for I ns/div. The
oscillations. The main results of the oscillograph sensitivity is 5 V/div, input
experiment are represented in oscillograms resistance is 50 Q. The horn antenna with
(Fig. 3). horn square 0.9 m2 was installed at distance

50 m from the accelerator. The attenuator 10
dB was included into measuring section. As it
follows from analysis of represented

a oscillograms the intense oscillations obtained
are nonregular and look like a sequence of
solitary pulses of alternative signs. At the
distance p m from exit the power flow was
6.25*10 7.W/m 2 i.e. electric field 1.5 kV/cm.

b 1 The total power was 120 MW . Time
duration of 3-30 cm generation was 2 4is.

C

Fig. 3. The oscillograms: a - detected HF os-
cillations in the wave length region 3-30 cm;
b - voltage registered by capacitor divider for
Ua,,x=700 kV; c - detected HF oscillations in b
the wave length region 3 cm and less. Scan-
ning velocity of the oscillograph is 2 lgts/div.

The oscillogram «<a)» corresponds to
detected high frequency oscillations Fig. 4. The oscillograms of HF oscillations in
registered by horn antenna in range 3-30 cm. the wave length region 3-30 cm. Sensitivity

The oscillogram <<b» shows the voltage on thwaelnhrgin30cmSnsivy
divider s cilorram spobdinshos the poltgeontl on vertical is 5 V/div. Scanning velocity ofdivider CI-C 2 corresponding to the potential the oscillograph is: a - 2 ns/div, b - I ns/div.
of lower part of the camera, and «(c»

represents detected high frequency The dependence of the electric field strength
oscillations in the wave length region 3 cm on distance along the axis was measured by 3
and less, registered by another horn antenna. similar horn antennas in 3 points: 50m, 500m,
From the represented oscillograms it follows simnas in 3 apoitem in
that in process of charge accumulating in and lOO0m.The signals were transported in
camea ithe first ran e of HF-oscillations 10 cm waveguide and were taken off bycamera gth 3irs re ofsHF-oscandater means of pin antenna to the oscilloscope The
(wave length 3-30 cm) are observed and after value of load was 50 Q. To evaluate the

charge has reached its maximum value higher ele fild strengTh the

frequency oscillations are, predominant (with electric field strength the diagram of
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propagation direction was taken into in Fig. 6. It is seen that. the emission is
consideration. nonsinusoidal and close to experimentally

observed.
10

0.1

0.01 I m

10 100 1000

Fig. 5. The dependence of the electric field Fig. 6. The dependence of the oscillation
strength on the distance: *-experimental in t ene o ftthe osillation
results, U-1/R"2 law intensity upon time obtained in simulation.

From Fig. 5 it is seen that electric field 5. CONCLUSIONS
decreasing with distance from generator exit
is slightly less (about 20%) than it follows The modification of a vircator based on
from the law 1/R 2 . Such discrepancy is intense relativistic beam interacting •with
probably caused by nonsinusoidal character of space charge in a dielectric camera has been
the generated signals. elaborated. The regime of generation of

nonsinusoidal oscillations was found and
experimentally and numerically investigated.

4. SIMULATION The obtaining of the solitary pulses without
filling by driving frequency can be realized by

The model for simulation proceeds from enlarging of the interaction region, by
the assumption that generation and emission regulating of potential well depth and
of nonregular electromagnetic waves is duration of electron beam pulse. The
caused by electron beam interacting with the installation was intended to operate in open
oscillating charge that is accumulated at the air. It allowed to research the propagation of
walls and in• the volume of the dielectric nonsinusoidal signal over a long distance. The
camera. Evaluating the electric field intensity preliminary emission measurements at
at the cloud surface for beam energy 700 keV distance up to 1 km showed the departure
and camera dimension 0.5 m we have the from the R 2 law. In detail it should be
following estimations for electric field and investigated in further experiments.
plasma frequency 1.4.106 V/cm and 2-109 c-1, This work was partly supported by STCU
respectively. The analysis of emission grant No.298.
intensity was observed at distance 10 m from
interaction region. Beam electrons entered REFERENCES
into virtual cathode region being evenly [1] Harmut H.F. Nonsinusoidal waves in
distributed with time interval 1012c.The radiolocation and radiocommunication. Moscow
number of electrons was 200. For more Radio i svyaz 1985 376 p (Rus).

number the periodicity of realization took [2] Kolyada Yu. E. Ermolenko B.F. et al High
place. The results of simulation is represented voltage pulse accelerator for operation in open

aire. PTE, 1989, No. 1, p. 226 (Rus).
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TIME DEPENDENCE OF HIGH-CURRENT VACUUM DIODE

IMPEDANCE RESULTING FROM CATHODE PLASMA EXPANSION

S. Ya. Belomytsev, S. D. Korovin, and I. V. Pegel'

Institute of High Current Electronics, Siherian Division, Russian A cademy /f Sciences
4, Akademichesky Ave., Tonisk, 634055, Russia

ABSTRACT - For a high-current planar diode with discrete emitting surface, dependence of current on emission
center size is obtained. If the distance between the centers largely exceeds their size R than I-(RU/D)3 /2 where D
is the diode gap. The condition of impedance constancy during the pulse for a high-current diode requires the
constancy of electric field pressure on the cathode surface.

1. INTRODUCTION

Planar vacuum diodes with explosive-emission cathodes [1] are applied to produce large-
cross-section high current electron beams. These latter are used in powerful microwave
generators with virtual cathode, for powerful bremsstrahlung production, and in technology.

Many applications, especially, the microwave ones, require the stability of electron beam
pulse parameters that is typically of nanosecond duration. At the same time, the impedance of
high current diodes is known to drop in time [2]. The diode becomes mismatched with the
pulse source that leads to the increase of current and downfall of electron energy (Fig. 1).

The change in impedance is bound on the evolution
I, kA U, MV of the cathode emission surface. At initial moments
0 0 of time, this latter is an aggregate of separate plasma

-02 formations - emission centers. The centers expand in
-5 -04 time that results in the current increase. A typical

06 plasma expansion velocity is Vpl-2. 106 cm/sec [3].

.0 This paper deals namely with this device of current
11 increase. Studied is the dependence of current in a

-0 2, ,0 0 8- plane diode with discrete emission on the size of aS0 20 40 60 80

t, ns hemispherical emission center (emitter), both in
geometry with a single emitter and in periodic
structure. Consider the case of emitter size much less

Fig. 1. Typical waveforms of current and than the diode gap RYD<1, that means t«<D/V . Itvoltage in a planar vacuum diode with .
explosive-emission metal-ceramics cathode is assumed that the number of emission centers on

the cathode is constant in time.

2. SINGLE EMITTER CURRENT

Employ one of the laws of likeness existing for diodes. Consider a stationary electron
flow in a diode of arbitrary geometry with space-charge limited emission. In the absence of
external and with negligibly small self magnetic field under non-relativistic conditions the
total diode current can be expressed [4] as

I a (U/rnC2)3/2 F =Je /M1!2F

where Ia=mC31e z17 kA and U is the diode voltage. The value of form factor F is determined
only by the relative dimensions in the diode. Thus, along with the "law of 3/2" for the current,
this expression demonstrates its conservation if the diode is scaled proportionally.
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Apply this expression to a planar diode with a single small emitter. If the transverse
size of the diode largely exceeds its gap than, since the emitter shape is fixed, the form factor
depends only on (RID).

Visually, both the beam current and its thickness approach zero at R/D<<I so that the
potential is distributed linearly: ep(z) U z/D . Therefore, the current remains constant if the

diode voltage and the gap change proportionally. Thus Foc(R/D)3' 2, and the single small
emitter current can be expressed as

I flJelm(RU/D)3  (1)

where the factor f8 is dimensionless and determined only by the emitter shape (compare with
earlier results [5, 6]). The simulations (SuperSAM code [7]) made for a hemispherical emitter
confirmed the dependence (1) with fB,0.47 (Fig. 2).

1 1A Similarly, for linear type emitters (for example,
1000 hemi-cylindrical one) the current per emitter length

100 unit is di/dl oc RI
D R Note that, at small emitter radii (R/D<<I) the

10 lrelativistic deviation of current from the "law of 3/2"
1 occurs at much higher voltages than for a uniform

0.1 plane diode. This is because the current is limited by
_ _ __ _ the space charge in the immediate emitter vicinity

0.01 having a size of.-R. Even if the total diode voltage U
0.0001 0.001 0,01 0.1 1 is relativistic, the electron energy near the emitter

R. cm ranges -eUR/D that can be much below V-elativistic
Fig. 2. Dependence of current on radius of level. Thus, the validity condition for the expression
hemispherical emitter for D= 4cm, U= 500 (1) is (F-1)R/D<<I (where F==eU/nc 2+1) that is
kV. Points - simulation, line - calculation (1) satisfied in the majority of practically importantwithPB=0.47 stsidi h aoiyo rcial motn

situations for nanosecond pulse durations.

In the case of extremely high voltage when the electrons become relativistic already near the
emitter, the dependence of current on voltage becomes linear and therefore the power by R in
the expression for the current is decreased for 1/2. Thus, for linear type emitters in this case
the current does not depend on the emitter radius.

3. CURRENT OF PERIODIC EMITTING STRUCTURE

Consider a periodic structure of emitters with the distance p between them. Assign
x=2R/p, y=p/D. Thus, at x=1 have a plane diode with uniform emission. It is convenient to
approximately express the Child-Langmuir's law for this diode as [4]

P d Ia .(F/3 -,, Y3/2 n = 2/3-2/92/;:Z. 0.2 (2)
Jd 27CD 2 (23v / 2

This expression has exact non- and ultra-relativistic limits and possesses an accuracy of -1%
(comparing with the exact solution [8]) in the intermediate range of voltages.

In the opposite case, when the distance between emitters is much less than the diode
gap, than, at x<<1, the currents of the emitters approach zero and therefore do not interact by
their space charges. Thus, they are independently described by the expression (1).

An expression describing the average current density in the diode in the entire range
from from x=0 up to x1l must turn in these limits into expressions (1), (2). The following
expression possesses this attribute:
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fXY2 F 23- "- /

. = jpdl/A, A= 1+ -3123,8X 3 (3)

The weighting function.f(x) should satisfy the conditionsf/(0)=1,f(1)=0, and its form depends
on the shape of the emitter cell.

Consider a 6-border cell. To avoid 3D simulations, it is easy to approximate it by a
cylinder of radiusp/2, with Neumann's condition for the potential and mirror reflection for the
particle trajectories on its side surface (see insertion in Fig. 3). Thus, the problem turns to 2D.
The simulation (SuperSAM code) demonstrated that in this case the weighting function can
be chosen as f(x) t 1 - x'-' with the error below 5%.

J, A/cm 2 Note that at small x the dependence of
current on voltage and diode gap strives to Ioc

-10 _)(ID)
3/2 that is typical for a single emitter,

with very late relativistic deviation.
-20 Fig. 3 represents the calculated using (3)

0.5 0C traces of average current density in a diode
0.2trcsofrprsns5sn-30 with hemispherical emitters'expanding with a

Svelocity of 2. 106 cm/sec, for different
-40 01 distances between the emitters, D=4 cm, and

5 (=500 kV. Comparison of these curves with
-5 0 ,3 the experimental ones allows for estimation of

tn rractual state of cathode emission surface.

Fig. 3.

4. CONDITION OF CURRENT CONSTANCY IN HIGH-CURRENT DIODE

Remind that we assume that the drift of cathode plasma inside the diode during the
pulse is negligibly small. In this situation, as usually considered, the reason of diode
impedance inconstancy is the temporal expansion of emission surface. This latter can occur
due to increase of emission centers number (during first nanoseconds) and further due to
plasma surface expansion up to total coverage of the cathode surface.

Define the mechanism of impedance decrease more precisely. It occurs only if the
expansion of emitting surface is escorted by the decrease of electric field pressure on the
cathode. For example, it is easy to see that in each cross-section of a common plane diode [9]

E 2  I - q 72onv
- + -mcy -1 con (4)81r e

On the electrodes, the left part of this expression is the total pressure due to electric field and
the particle flow. Thus, the forces on the cathode and anode are equal and the total force
effecting the diode is zero that is the consequence of momentum conservation in a stationary
system. If the electrons leave the cathode with zero velocities then the pressure on the cathode

2

is P, = E,/8ir where EK is the electric field strength here. If the current is space-charge
limited than E,=O and pK=O. Therefore, on the anode the field pressure is compensated by the
pressure of particles. These conclusions are also valid for periodic emitting cathode structures.
In this case, average electric field and current density are meant in the expression (4).

If the emission surface of the cathode is continuous, the diode current does not depend
on time. However, it is hard to rapidly cover the entire cathode surface with plasma. For
easier development of explosive emission, cathodes are usually made with non-uniform
periodic emitting surface. Let the size of periodicity is much less than D. Neglecting the
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magnetic field, we can consider the electron flow normal to electrodes (except near the
emitters).

To provide constancy of current, constancy of electric field pressure on the cathode
must be provided. An example way to realize this is as follows.

Let the cathode be made as a plane with thin
parallel blades (Fig. 4) with the distance between them
p<<« and p<<D. If the edges of blades are covered
with plasma than the field pressure on the cathode is

D small and it does not depend on plasma expansion. This
is because p<<l and the cathode basement is well

- -screened. On the other hand, at nanosecond pulse
I duration, the range of plasma expansion can is small so

�K that the changes of electron trajectories will not effect
the diode impedance.

Fig. 4. This results were confirmed in simulations

100 I1, A (SuperSAM code). Fig. 5 represents the comparison of
80. 1 "two situations for a periodic linear emitting system,

both with 500 kV voltage. The lower curve is the
60 2 current for a hemi-cylindrical emitter of radius d in the
40 diode with 3 cm gap. The upper curve is for blade
20 system withp=l cm, U=500 kV, D=3 cm, /=1 cm. As is

seen, the dependence of current on emitter radius is
0 1 2 3 lower in the second case.

d, mm Note also that at p<</, p<<D the current of blade
diode (Fig. 4) is very close to that of common plane

Fig. 5. diode with the gap D.
Although it is clear what is the requirement to the cathode surface the achievement of

the goal can meet several problems. Simple metal blades are hard to uniformly explode,
especially at high pulse repetition rate. Besides that, heat deformation of blades occurs in high
average power regime. Probably, application of metal-dielectric contacts [10]-will allow for
improving uniformity of emission due to better explosion and faster propagation of plasma
along dielectric and fusion of neighboring emission centers. Employment of needle-type
cathode surfaces with optimum distance between needles is also considered a way to
compromise between the requirements of electric field screening and simultaneous excitation
of explosive emission.

The authors are grateful to Professor Dmitry I. Proskurovsky for valuable discussions.
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OPTIMISATION OF THE CROSSED-FIELD SECONDARY EMISSION

ELECTRON SOURCE
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The Crossed-Field Secondary Emission (CFSE) diode is a relatively new electron
source [1,2] which is capable of producing annular electron beams in 102 A range of output
currents. The basic mechanism of the CFSE diode operation is a secondary emission
multiplication of a small (few mA) primary current. Therefore, it is essentially a cold electron
source that does not rely on the existence of any heated surfaces or plasma. One of the
important features of the CFSE source is its potential ability to produce high frequency
(~IGHz) density modulated electron beams which might be employed in existing or future
microwave devices.

The CFSE electron source is a magnetron diode with smooth cylindrical electrodes
(Fig.1). The start of the electron multiplication occurs at the negative dlUI/dt<O slope of the
high voltage pulse applied between cathode and anode. After current initiation at dlUI/dt<O, it
does not vanish even at dIUI/dt>O, probably, because of a transition from laminar to turbulent
electron flow in a crossed-field gap due to increasing electron space charge. Such a transition
was shown in conventional magnetron diodes by PIC computer simulations [3-5].

Operation of the CFSE diode usually requires a small primary current of a few mA.
Under certain conditions, however, a self-excitation of the CFSE diode is possible. This
possibility stems from the fact that the build-up time of the electron space charge is less than
-20ns even in the case of a single primary electron. (Detailed discussion of the self-excitation
regime is beyond the scope of the present work). We note only that most of the experimental
results presented here were obtained with the CFSE diodes operating in the self-excitation
regime.

The CFSE diode has proved to be a highly efficient and robust source of tubular
electron beams with a perveance of P-15iA/V3/2 and an output current of more than 100A
[1,2]. However, the experiments with various diode configurations showed that P depends
strongly on the diode geometry and position of the collector [2].

This work is concerned with optimisation of the CFSE diode geometry in order to
increase the diode perveance with the objective of producing higher output electron currents.

The experiments were conducted with various CFSE diodes which differ in cathode
diameter Dk, diode gap d, diode length Id, distance between cathode and anode edges A, and
cathode-collector distance dkc (see Fig. la). The diode voltage pulses of up to 40kV amplitude
and a few gs of duration were supplied by a small Marx bank. Provision was made to ensure a
fast negative slope (<1012V/s) of the diode voltage immediately after the leading edge of the
HV pulse.

One of the most important parameters affecting the CFSE diode performance is the
distance A between cathode and anode edges see Fig. 1. The dependencies of the collector

© BRITISH CROWN COPYRIGHT 1998/DERA
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dL d2 collector

A kc Janode

a b
Fig. 1 Schematic diagrams of the CFSE electron sources

perveance p,=IjU 3 2 and anode perveance Pa=Ia/U 3/ on A are shown in Fig.2. The collector
perveance is largest at A=0 partly because of the reduced leakage of current to the anode. This
latter effect is due to the decrease in a longitudinal component of the electric field in which
some electrons are reflected from the diode edge.

Comparison of the curves PJ(A) and Pa(A) obtained at various values of dk, indicates
that positioning of the collector close to the diode enables an increased output current to be
produced. (Compare curves in Fig.2 corresponding to dkc=2 and 30mm). This feature is,
however, less pronounced when long diodes (large 1d) are used.

15 "

4

210
dko= 2mm w 3 d 3m
WW

u,20"/•3•,•a.

I-.
0

00

O0"UJ "30mm •• <1•• 2n

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
A, mm A, mm

Fig.2 Collector and anode perveances vs distance between cathode and
anode edges, A at two different cathode-collector distances. Dk=50mm,

d=5mm, B=l.87kG.

The obvious way to increase the diode perveance is to construct the CFSE diode with
a smaller diode gap d. First experiments [1,2] were made with d=10 and 5mm. Further
decrease of d to d=2.55mm allows perveance as high as P=55tA/V3/ to be obtained. This is a
provision for achieving high output currents from the CFSE electron source. Indeed, I,=220A
was registered at a diode voltage less than 30kV.

New experimental results with small d (<3mm) have enabled the dependence P(d) to
be defined more precisely. This is shown in Fig.3 where each point represents a different
model of the diode. The P(d) function tends to follow a Po-Dk/d dependence, but it depends
strongly on electrode geometry and, to a lesser extent, on magnetic field. As a result, the
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Fig.3 Perveance of the CFSE electron source vs Dk/d ratio. Each point
corresponds to the particular geometry of the CFSE source allowing
achievement of the highest value of P at a given Dk/d.

experimental points are situated mostly below but close to the straight line depicting possible
optimal values of the diode perveance.

The CFSE diode with small d requires fine adjustment of the operating parameters,
e.g. Ud, dUd/dt, magnetic field, when being operated in the self-excitation regime. Failure to
optimise these parameters can result in "missing shots" when the diode fails to start operation.
To facilitate self-excitation of the CFSE electron source we have suggested a new concept of
the diode with two gaps, see Fig. lb. This electron source consists of two diodes with different
diode gaps, di and d2. The electron multiplication starts in the diode with the larger gap, di
because electrons are prevented from escaping this region due to specific distribution of
electric field. Then the generated electron cloud serves as a primary source for the second
diode with the smaller gap, d 2 thus allowing the entire system to operate at high perveance.

25

IL 1V
Uri
z
> 10

2S PP•- P

"CO 5 C

1 1.2 1.4 1.6 1.8 2 2.2 2.4
MAGNETIC FIELD, kG

Fig.4. Collector and anode perveances of the CFSE diode with two diode gaps
vs magnetic field. Dk(,,x)=42.7mm, d1=5.2mm, d2=3.Omm, A=0, dkC=4mm.

The above concept has been validated experimentally. Figure 4 shows the dependence
of the collector and anode perveances of the diode with Dk (,lx)= 4 2 .7 mm, d1=5.2mm, and
d2=3.Omm as a function of an applied magnetic field. The output perveance reaches the value
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of 25tA/IV 3/2. Four specific regions are discerned in Fig.4. In the first region (I), there is no
generation of current due to the low magnetic field being less than or close to the Hull cut-off
value. In the second region (II), only the first diode (dl=5.2mm) operates. A small output
current observed in this region is due to the axial leakage of electrons from the first diode. In
region III, the bursts of the collector and anode current were observed which are similar to
those appearing at the values of magnetic field close to the Hull cut-off level [2]. Finally,
region IV is characterised by a normal generation of the electron current in the second diode
with the smaller diode gap, d2. There exists another region, V, at yet higher magnetic fields
where the diode ceases to operate. The latter was not achieved in the present experiments
because of the limiting magnitude of the applied magnetic field. However, it has been
observed when the voltage slope rate was decreased by, for example, introducing a series
inductance into the Marx bank discharge circuit.

We conclude that progress has been made in increasing the output perveance of the
CFSE electron source such that there is the potential for high output currents in the range of a
few hundred amperes to be produced. The maximum output current achieved at the present
stage of experiments is as high as -220A for a diode voltage less than 30kV. This makes the
CFSE diode an efficient and practical source of tubular electron beams for a range of various
applications.

This work was supported by DERA, St. Andrews Rd, Gt. Malvern, Worcs, WR14 3PS, UK
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Abstract.

The excitation of UHF-oscillations by electron beam in disk loaded coaxial transmission
line with combs on inner and external conductors is theoretically investigated. The structure
passage channel, where annular electron beam propagates, is fully filled by plasma. The eigen
waves of plasma filled coaxial transmission line and their dependencies versus plasma density
are investigated. It is shown that plasma have result in essentially enhancement of gain and at
the same time widens excited oscillation spectrum.

conditions for the SHP oscillation excita-
1. INTRODUCTION. tion in a hybrid structure become optimal

when the synchronous frequency of the ex-
The vacuum slow-wave structure can ac- cited oscillations is equal to the plasma
quire the well known hybrid characteristics frequency. That's, for the given plasma
when the interaction area (i.e., the passage density a narrow oscillation spectrum (on
channel where the electron beam is propa- the order of the increment) is excited.
gating) is filled with plasma. The princi- We suppose that if a slow-wave structure,
ples of the plasma hybrid slow-wave which is based on a coaxial transmission
structure operation are for the first time line with disks on one (or both) of the con-
presented in [1, 2]. Is a result of the pas- ductors, is filled with plasma, the wide
sage channel filling with plasma, the elec- band of the excited oscillations can be pre-
tric field longitudinal component suffi- served and, simultaneously, the amplifica-
ciently increases, which causes a rise of the tion coefficients can be essentially raised.
coupling coefficient and, consequently, the In the given report, we have investigated
wave amplification coefficient also in- the dispersive characteristics of the coaxial
creases, In this process - if the conditions disk-loaded line filled with plasma where
for interaction between the beam and the the disks are placed both on the inner and
proper wave of the vacuum structure are external cylinders. The linear and nonlinear
realized - an intensive flow of the SHF theories proceeded from the vacuum
power is being generated. The experimen- structure are presented in the Proceedings
tal investigations [3, 4, 5] have confirmed of the International Conference "Crymico
the theoretical prognostications of good 97" [6]. It's demonstrated that in such
prospects for the hybrid, slow-wave struc- structure the UHF oscillations may be ef-
ture application in construction of amplifi- fectively excited over a wide frequency
ers and. oscillators. range. Below we investigate the alterations
One should remember that for the first time in the dispersion characteristics and ampli-
the hybrid plasma structures have been ex- fication coefficients as a result of the
amined by investigation of the. vacuum structure filling with plasma. It should be
slow-wave structure of the type of the mentioned that the authors of [7] have per-
chain of the coupled cavities (CCC). The formed preliminary investigations of the
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amplification coefficients and coupling re- Fl(k,.a,,p) d 2 x ke3 y2m
sistances in the plasma coaxial line with 3J V'2- e.• m x

the disks placed on the inner conductor. As 0''m=-0 Am

it's demonstrated, plasma may essentially Fl(kim,a,a) k _ e3 2eo

alter the electrodynamic characteristics of F0 (km =,a )m e-`0° x

the slow-wave system if the passage chan- F,(k-,tr,a)
nel transverse size is comparable with the Fo(k•,a,or) = 0
wavelength of the oscillations that are be- In =0
ing amplified - or larger than it. This fact is In DE the following nomenclature is used:
conditioned by the superficial nature of the Fn(q,x,y) = J (qx)Yo(qy) - Y (qx)Jo(qy),
wave: that's, the plasma may essentially 12 2 e2np
alter the picture only in the case of very v 2 1 M
high plasma densities. = I/(k2 -m = 0 + 2y m

-D

2o'm sin(fmd/2)
2. ELECTRODYNAMICS OF THE c D 0 -md/2

COAXIAL SLOW-WAVE LINE a CF(krb,a) F0(k
WHERE THE PASSAGE CHAN- Am =1 + (-mcr). F°(k•'r'cr)'

NEL IS FILLED WITH PLASMA. 3 ( c- (k2 _'22 =Ib )r C32-8)
am

The slow-wave structure is a coaxial m IA YoVo
line with the inner and outer radii p and where v0 is the electron beam velocity,
b, correspondingly, and with disks on both Yo =1/ 1- v02/c 2 , cv is the wave fre-
the conductors. Plasma with the density npV

completely fills the passage channel with quency, fl0 is the longitudinal wave num-

the outer a and inner a radii. In this ber, IA =17kA, J, and Y, are the Bessel
channel a thin electron beam is propagating and Veber functions of the n -th order.
its radius is rb, the velocity is v0 and the

current is Ib. The structure period is D 0.15- Im(o), cm"

and the cavity width is d. The inner
structure may be with respect to the outer
one shifted at an arbitrary distance I.

In the linear approximation the dis- 0.05

persion equation (DE) describing the
monochromatic wave excitation by an 0.o00
electron beam has the form: Re(Pd), cm'

- ko3 ytm Fl(k.Lm,a,T) 8.1-

"{Dm.=_.om AmL Fo(kim,a, a) " 5s.4-

a('Fm k, a, 'Fk°(krb'r)
(01 t 8 V Fk, a,ac) 2.7•

Fi (k, a,b) f d. C, e3ý y/. [ F,(k,_., aa) 00
Fo(k,a,b) JDm_,,_km Am LFo(k m,ua) 0 23• 42 5 62 F�~i'') f GHz

a.m j Up ., rb I - Fig. 1. The dispersive dependencies of the
(0) -P6mvoY fl kkm ,'a,'a) real RePlo and imaginary Imfl0 parts of

the longitudinal wave number on the fre-
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quency f for the vacuum slow-wave In Fig.3 the oscillation maximum am-

structure with a thin electron beam. plification coefficient, which corresponds
We have performed numerical simu- to the coaxial mode, is given in depend-
lation ofthae DErfoiord inuhercalseence on the plasma density. On the interval

lations of the DE solutions in the case of examined the amplification coefficient al-
the parameter values [6] which are used in most linearly increases with increase of thethe experiment that is being conducted in plasma density.

the NSC KhPhTI: b = 5.3cm, a= 4.0cm,

a, = 3.5cm, p = 1.9cm, D = 0.7cm, Imqio). cM

d = 0.5cm, 00 = 0, rb= 3.6cm,

Ib = 5.0A, Wb=35keV. In Fig.1 and 2b0,14- 
.. •

the dispersion dependence of the vacuum
and plasma slow-wave structures are pre- 0,12 - ..--

sented (np=1.8.10" cm-3). The given 0,10 4

plasma density corresponds to the case of 0
overlapping of the cutoff frequency of the , . . 1012 14

coaxial slow wave by the plasma frequency 2 4 6 8 i0 12 14

f)p = 0)P /2;. As it follows from compari- f GHz nP x I0", cm

son of Fig.1 with Fig. 2, the plasma pres- 5,0 - -------

ence causes increase of the amplification 4 -.

coefficient by 20% and bandwidth broad-
ening of the excited oscillations by 10%. 4,0

0 .1 5 - i m ( P o) 'c m _ t 3 , 5 .-

3,0-

0.10-] ^ 2,5 . i • ,.-.
. 2 4 6 8 10 12 14

0.05 n x 10" , cm

0.00 Fig. 3. The dependeaces of the maximum0 1 3 5 m 8
Re(J30), cm amplification coefficient Im ,0 on the fre-

8.1- quency f that corresponds to this maxi-
mum on the plasma density. The beam cur-

5.4 rent is I, = 5 A , the beam radius is

rb= 3.6cm.

The transverse structure of the Ion-
0.0- 2 gitudinal electric field is antisymmetric in

f3 4 5 the first band of transparence. Hence, the
gain of the narrow electron beam must go

Fig. 2. The dispersive dependencies of the to zero when the beam radius is exactly

real Re,80 and imaginary Im/8o parts of equal to the location of zero of the longitu-

the longitudinal wave number on the fre- dinal electric field. This is demonstrated in

quency f for the plasma slow-wave Fig.4, where one can see the dependences
of the oscillation maximum gain on the

structure. The -plasma density is beam radius for the 1 st and 2 nd bands of
np =1.8.10" cm3  transparence. In the 2 nd band, the gain
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maximum monotonously increases from crease the coefficient of amplification more
one boundary to another. than twice (from 0.07 cm-' up to

Im([po), cm' 0.16 cm-). In this case the excitation
0,040-

bandwidth has increased twice.0,035 -10,o- -- The wave resistance of the coaxial

0,030 .. - slow-wave structure varies insignificantly

after filling the passage channel with
0,020- ___ plasma.
0,015 .....-- - If the plasma density is0,0o .5- ...... n = 1.8.1011 cm-3 , the amplitude of satu-

0,005 .. ration of the longitudinal electric field is
oo_.__.__._ Esat= 1.42 kV/cm (the electron beam energy

3,5 3,6 3,7 3,8 3,9 4,0 is Wb=35 keV, the beam current is Ib=10 A
r,, cm and the beam radius is 3.6 cm), the optimal

Fig. 4. The dependencies of the oscillation structure length is 43.6 cm. For the plasma

maximum gain on the beam radius in the density nP = 7.2.1011 cm-3 , the amplitude

1 st (1) and 2 nd (2) bands of transparency of saturation is EPsat = 1.93 kV/cm and the
when the structure parameters are the fol- optimal structure length is 34.8 cm. In the
lowing: b=5.3 cm, a=4.0 cm, a = 3.5 cm, case of the vacuum structure and for the
p = 1.9 cm, D=0.7 cm, d=0.5 cm, 40 =0. narrow electron beam, these magnitudes

are equal to 1.3 kV/cm and 48.0 cm, re-
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SPECTROSCOPIC DETERMINATION OF TURBULENT LANGMUIR
FIELDS IN A REB-HEATED PLASMA

J. Ullschmied, K. Kold6.ek, M. Iipa
Institute of Plasma Physics, Czech Academy of Sciences

Za Slovankou 3, 182 21 Prague 8, Czech Republic

INTRODUCTION

Spectroscopic measurements of the Stark component of plasma emission lines have
proved to be an efficient tool at determining the strength of turbulent Langmuir fields excited
in a plasma by an intense relativistic electron beam (REB). Recently, at the REBEX
experimental facility, Ha and Hp line profiles with excellent spectral, temporal and spatial
resolution have been obtained by means of an advanced imaging spectrograph combined with
a gated image intensifier [1]. In this paper we report model calculations of the Ha line profiles,
which make it possible to distinguish the Stark component of the investigated lines from the
strong Doppler background observed in the experiment, and, thus, to estimate the level of the
Langmuir turbulence in the REBEX plasma.

EXPERIMENTAL RESULTS

The reported spectroscopic measurements were performed at the REBEX experimental
facility [2] designed for investigations of the interaction of an intense pulsed relativistic
electron beam (450 kV, 50 kA, 100 ns, 0 3.5 cm) with a dense magnetised plasma column
(5.1020 _ 1022 m-3, 0 7 cm, length 1 m, magnetic field 0.6-1 T).

____ "_.: __ _ - The spectroscopic apparatus used consists of
6 C6bWPLA -A LOPE the imaging spectrograph Chromex 500 IS, of a
Plitt-gated single-stage image intensifier (ii), of a high

speed relay lens optics, and of a CCD camera
2 300 with the thermoelectrically cooled back-

illuminated Tektronix CCD chip 1024 x 1024
400 pixels. The actual spectral, spatial and temporal

0 • resolution of the spectroscopic apparatus

achieved at the reported experiments is 0.010
2 nm/pixel in the H, region, z0.133 mm/stripe,

son and 100 ns, respectively. For illustration, a
4 shaded I(2,r contour plot of the original imaged

IUD : "spectrum in the Ha region recorded during the
65o zoo Mso Roo 8so goo pixel beam injection is shown in Fig. 1 (ii gate width

655 656 657 un 200 ns, image scale 3 nm x 100 mm). Two
Detail rFthe imaged spectrm regions may be easily distinguished in the picture

- the beam channel with a strongly broadened Ha
line and with two intense C II impurity lines, and the cold plasma envelope. Very smooth
spectral and the spatial profiles of the line intensity (1(2) and I(r) ) have been obtained from
the recorded (lA,r) matrix by summing up several matrix rows or columns.

While the shape of the wings of the Ha spectral profiles 1(2) change considerably at
varying the time delay between the ii gate and the beam injection, the line central part
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preserves its nearly Gaussian shape (cf. the dotted lines in Figs. 2-4). The line half-width
increases several times during the beam injection, from its initial forplasma value of ; 0.08
nm up to z 0.4 nm at the end of the beam injection, decreasing again afterwards with the
characteristic time of z 1 jis. Shallow regular oscillations of the line width observed after the
beam injection [3] have been attributed to magnetoacoustic radial plasma oscillation caused by
a fast beam-induced overheating of the REBEX magnetised plasma column.

I I

0.5 ------------------ --- -- ------------------------ 0.5 ---------------------------

JVOIGT

* GAUSS

S..... .. . °0 ..... . . . . . . ..

0 J, -10 6 656.0 656.25 656.5 [ lnm]656.0 656.25 [nm] 656.50

Ha line profile in a forplasma Ha line profile at the beginning of REB injection

Fig. 2 Fig. 3

At all the recorded line profiles distinct wings spreading out up to 0.5 nm off the line
centre are clearly visible. The wings are the most pronounced at the beginning of the beam
injection (the first 50 ns), when the central part of the line is still rather narrow (Fig. 3). While
in the forplasma case (Fig. 2) the line shape can be well approximated by a Voigt function (see
the full line corresponding in this particular case to a= 0.9, T,= 0.93 eV, N,= 1022 m"3, where
a is the parameter of the Voigt function [4], T, and N, the neutral temperature and density,
respectively), the Voigt fit completely fails at the line profiles recorded during and after the
beam injection (cf. full lines in Figs. 3-5). Thus, in order to explain rather complicated line
shapes observed in a beam-heated plasma, another line broadening mechanism, in addition to
the thermal Doppler and Lorentz collisional broadening, must be considered. No doubt, the
most natural line broadening mechanism in REB-plasma experiments is the Stark broadening
due to strong turbulent Langmuir fields, which are excited in the course of beam-plasma
interaction by the two-stream instability [5].

* !

0.5 -- -- ... .. .. ... .. . . -- -- - - - -- -- - - 0.5 ---- - - -- - - - - - - - - - - - - - - - -

0 0
656 656.25 656.5 x [nmI 656 656.25 656.5 ) lnmil

Ha line profile at the end of REB injection Cumulative Ha profile 100 ns after REB injection

Fig. 4 Fig. 5

Note: In the above four pictures the bold dotted line represent the experimental Ha line profiles, the full and
broken lines are used for the Voigt and Gaussian fits, respectively. The narrower Gaussian curves (dashed lines)
show the thermal Doppler parts of the corresponding Voigt functions.
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MODEL CALCULATIONS

According to our earlier estimates [6] made on the base of various theoretical models of
beam-plasma interaction, in REBEX conditions the Langmuir turbulence level r should reach
the value of 0.04-0.2, which corresponds to the mean strength E of the stochastic high-
frequency Langmuir fields as high as 60-150 kV/cm. Such high-intensity electric fields should
strongly influence the shape of the wings of the investigated Ha line, as illustrated by Fig. 6, in

which the sum of sixteen Stark
I E IkV/cml components (±1-±8) is shown, for the

1 HF field strength varying from
1 10 10 kV/cm to 100kV/cm. At calcu-

4 ,30 lating the Stark components the
3 l, L quasistatic (low-frequency) approach

a 'K 50 described in detail in [7] was used.
2 For this approach to be valid the

a/100 condition o.<<2g.s.E must be
1 -- \i'/ fulfilled (here g stays for the Stark

• parameter and s is the number of the
655.8 656 656.2 656.4 656.6 most pronounced Stark component),

X[nmI which is true for the field strength
Sum of 16 Stark Ha line components for various fields E E> 10 kV/cm at NeŽ> 1020 m-3, and for

Fig. 6 E>100 kV/cm at Ne"_>10 22 m-3.

Our earlier experiments have shown that in the REBEX machine not only electrons but
also ions (and, therefore, due to fast charge exchange processes, also neutrals) are efficiently
heated during the beam injection pulse [8]. Thus, the central parts of the investigated line

profiles are shaped by a rather strong
E kV/cml thermal Doppler effect, which also

. 1has to be taken into account at our
3.030 model calculations. The influence of

S.. the Stark broadening due to

80 stochastic Langmuir fields on the
0.4 I shape of Hc, line with a substantial

120 Doppler background is illustrated by
02Fig. 7. The profiles depicted there

0 are calculated by using (in a similar
way as in [9,10]) the quasistatic

655.8 656 656.2 656.4 656.6 7, inm approach mentioned above. The

Combined Stark and Doppler broadening Doppler half-width for all the four
Fig. 7 profiles is fixed, AXD= 0.1 (T, =11

eV), and the strength of the
stochastic electric fields is varied from 0 to 120 kV/cm. Clearly, for the value of neutral
temperature higher than 10 eV, the strength of the stochastic electric fields must be higher
than 30 kV/cm for pronounced wings at the line profile to appear. For each neutral
temperature a certain value of the field strength E exists, at which the wings have a typical
saddle-like shape. For the particular case depicted in Fig. 7 it is the value of 80 kV/cm.

The line profiles in Fig. 7 already resemble well the experimental profiles shown in
Figs. 3-5. Really, each of the experimental profiles can be fitted by model curves during a few
iteration steps, by varying the values of the neutral temperature and of the electric field
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strength. The fitting can be further improved by introducing at the convolution of the Stark
and Doppler components a form factor =_-0.2-0.3, which respects the experimentally
observed spatial localisation of the electric fields in the beam channel (cf. the spatial profiles
1(r) of the Ha line intensity in [1]). The results of this fitting are illustrated by Figs. 8a and 8b,
which correspond to the experimental profiles shown in Figs. 3 and 4 (taken at the beginning
and at the end of the beam injection). The best fit for the profile in Fig. 8a has been obtained
for T, =7 eV, E = 70 kY/cm, ý = 0.2, and for the profile in Fig. 8b for T, = 15 eV, E =30
kV/cm, ý = 0.3. Quite naturally, the Langmuir fields are stronger at the beginning of the beam
injection (when the beam diode voltage Ub is maximum), and they are weaker at later times.

II

0.8 0.8

0.6 0.6

0.4 - 0.4

0.2 0.2

0 - ~ - - -0-

656 656.2 656.4 656.6 I nm] 656 656.2 656.4 656. X lnml

Combined Doppler and Stark fitting of the Ha line Combined Doppler and Stark fitting of the HI line
profile taken at the beginning of REB injection profile taken at the end of REB injection

Fig. 8a Fig. 8b

CONCLUSION

The model calculations described here show that the H, line shapes observed in a REB-
heated plasma can be well explained by a combined effect of a thermal Doppler broadening
due to fast ion-heating and charge-exchange processes, and of a Stark broadening due to
stochastic Langmuir fields excited during beam-plasma interaction. In the reported series of
REBEX shots the estimated strength of Langmuir fields reached the maximum value of
70÷ 100 k/cm (the turbulence level i1 -- 0.05+0.1). This range coincides well with the
theoretical predictions. The Stark component of the Ha line profiles can be more easily
distinguished at weaker beam shots at which the neutral (ion) temperature is not too high
(10-20 eV). At higher ion temperatures (30-40 eV) routinely achieved in REBEX the Stark
broadening is almost completely masked by a wide Doppler background [10].

This work was supported by the Grant Agency of the Czech Academy of Sciences under contract No A1043504
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OPERATION OF LIA-10 LINEAR INDUCTION ACCELERATOR IN THE
MODE OF ENERGY TRANSPORT ALONG VACUUM COAXIAL LINE

A.M.Chlenov, V.F.Zinchenko, E.V.Tulisov, V.D.Shijan

Research Institute of Scientific Instruments
RF Atomic Energy Ministry

Turaevo, Lytkarino, Moscow Region, 140061, Russia

Abstract

The results of experimental and theoretical optimization of LIA-10 pulsed linear
induction accelerator construction for maximizing of relativistic electron beam (REB)
parameters and the bremsstrahlung output are presented.

The basic idea of this work was consisted in using the operation mode of stored energy
transport along the vacuum coaxial line with tapered inner electrode instead the original
operation mode of successive REB acceleration by pulsed electric fields induced by
independent accelerating modules. In practice this idea has been realized by increasing the
length of inner electrode from initial value L = 1,6 m up to limit L = 6,0 m, corresponding
the maximum length of accelerating system.

The dependencies of REB current and energy on such parameters as the length of
tapered cathode L and diode geometry are discussed.

Introduction

The high current accelerator LIA-10 is a linear induction accelerator in radial lines with
successive sectional structure of accelerating system. A detail description of its costruction
is given in references 1.2,3. The accelerator of this type is used in RISI for generation of
intense pulses of bremsstrahlung. At present time the following accelerator's parameters
are realized:

- peak current of REB, I max = 30 kA;
- effective electron energy, E e,max = 10 MeV;
-FWHM, t1 / 2 =10ns;
- peak dose rate, P max = 10 12 rad(Si)/s.

Lately, complex investigations bound up with optimization of the LIA-10 construction
have been carried out with the aim of increasing the generated bremsstrahlung output. In
this paper the results of the optimization of the accelerator injector are presented.

According to the original design of LIA-10, its injector consists of 4 separate sections
of inductors (accelerating modules). The voltage induced by accelerating modules (AMs) is
summed at a tapered cathode. A thin annular electron beam is generated in the foilless diode
with magnetic isolation in axial field (Fig.1). The beam is then accelerated as it
propagates through the 12 AMs operating during the pulse generation in consistance with
a chosen temporal programme. A peak current of REB at the exit of the injector is 40 kA
with an electron energy being 2.5 MeV.
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AMs

0L 
AS

cathodee

Figure 1. Schematic of the LIA- 10 injector

The main purpouse of this study is to investigate the possibilities of increasing the energy
and current of REB injected into accelerating system (AS) for decreasing the losses of REB
in AS and increasing the bremsstrahlung output.

The tapered cathode where voltage is summed performs different functions in LIA-10
(Fig. 1). Except assuring a gain in electromagnetic energy, it operates as a vacuum
transmission line providing a specific form of current and voltage pulse in the diode gap.

Numerical Simulation and Experimental Results

We suppose that some of problems can be solved by increasing the number of AMs in
the injector module of LIA-10, i.e. by going to the accelerator's operation in the mode of
energy transport along the vacuum coaxial line.

Because numerical simulation must be followed by experiments, a simple calculation
model of high current REB generation in the accelerator injector has been developed. Let's
consider an ideal geometry of an injector used in the modeling ( Fig. 1). The voltage induced
by Ams is summed by the tapered cathode and applied to the cathode - anode gap.
While separate AM induces an accelerating voltage pulse Vo(t), then an electric field
strength Ez i) (z , t) induced by i-th AM can be expressed as:

Ezi) (z,t) = Vo(t)/ 10, Zi < Z < Zi + 1  (1)
Zi += Zi + 10

10 = 0,4m

A shape of the accelerating voltage pulse was determined by using special experiments.
For the mathematical description of temporal behavior of current and voltage pulses in the

injector diode, so called telegraph equations were used:

( Rg I lo+R* ) J= -1/ C* ax/az -1/c 2 L* aJ/at+Eind , (2)

-441-



ax/at = -aJ/az

where J(z,t) is the current, running through the tapered cathode; L* , R* , C* are the self-
induction, resistance and capacity per unit length of cathode, respectively;
R g is the total impedance of the voltage source in separate AM, R g = 4,2 Om.

For a vacuum case

L* = 21n(R/r) , C* = 0.5/ ln(R/r)

where r is the running radius, R=0.18 m.
E ind (z, t) is the electric field strength induced by the injector forming AMs. At a certain

interval [ z i , z i+ I ], i=1,...,N E ind (z, t) is determined according to ( 1 ) where temporal
behaviour of the voltage pulse Vo(t) doesn't depend on the other AMs.

Boundary conditions for the equation set ( 2 ) at the cathode tip (z=L), taking into account
the operating features of the cathode under explosion emission conditions, can be described
as follows:

J(L,t) = 0, Ec <Eth
(3)

aJ/az = 0, z= L, Ec > Eth

where E c is the macroscopic electric field strength near the cathode tip, E th is the starting
threshold of the electron explosion emission from the cathode.

By solving the equation set ( 2 ) at the boundary conditions ( 3 ), we obtain distribution
J(z,t) in the cathode length. A voltage applied to the diode gap is estimated from:

L
Vd (t) J( R* J - R g / I oJ - I / c 2 L* aJ/at + E ind ) dz (4)

Zmin

A magnitude of E th was only one of unknown parameters of the calculational model.
Its value was obtained by comparison of experimental and calculation results of REB current
amplitude and a value of temporal shift of voltage and current pulses at the 4 AMs injector
(original version of LIA-10 ). The optimal value ( E th = 800 kV/cm) agrees quite well

4
with known experimental results obtained for explosion cathodes

Using the above model, complex of calculations to optimaze parameters of the modified
LIA-10's injector was performed.Typical shapes of current and voltage pulses at the exit of
the injector formed by 7 AMs, obtained by solving equation ( 2 ), are presented in Fig . 2. In
this case as the value of a wave impedance of the transmission line ( Z 1 = 35 Om ) is not
matched to the real diode's impedance ( Z d = 50 Om ), then a peak value of the electron
beam current injected from the cathode tip into AS dosn't exceed 60 kA. That fact is
consistent with experimental data.
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Figure 2. Current ( a ) and voltage ( b ) pulse at the
exit of the injector formed by 7 AMs

To obtain matched impedances ZI, Zd we have considered a version when a number of
AMs in the iniector's module is equal to an overall number of AMs in LIA-10. It was shown
that the following REB parameters at the exit of accelerator are realized: peak current
I max = 200 kA; electron energy E e = 6,2 MeV; beam radius r b = 5 cm. After REB
focusing in the incresing axial magnetic field ( Bz = 4 T) a magnitude of peak dose rate at
the face of the target reaches 10 '3 rad(Si)/s.

Conclusion

Thus, the results presented in this study allow us to recommend the energy transport along
the vacuum coaxial line as an alternative mode for the LIA-10's operation. In this case, we
can realize the parameters of bremsstrahlung dose field that are well beyond the
corresponding parameters for the original design of LIA-10.
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Introduction

There are many tasks which need to generate high quality powerful Relativistic Electron
Beam (REB). One of them is to drive Free Electron Maser by the REB.[1] The pumping
efficiency of electromagnetic waves by powerful relativistic electron beams essentially
depends on a velocity spread of the beam electrons. One of the main problem here is to reach
small velocity spread of the beam electrons. For example, for undulator period [-lcm and its
length L-lm at electron energy E-IMeV, their longitudinal velocity spread should be less than
107 cm/s and angular spread of the electrons A9 _< 0.03 (2 degree).

Obtaining such small spread is not easy task. In the frame of the task, measurements of
the electron distribution function have great importance for these experiments. Laser
scattering is analogy to [2,3] seems to us as the most promising method to measure pointed
level of the velocity spread. On this purpose this diagnostics has been manufactured and
mount in the device <<ELMI>> created on the base of U - 3 accelerator for investigations on the
FEM are carried out [4].

Experiments on C0 2-laser radiation scattering (X%=10.6 [tm) on a high current sheet beam
with measurements of scattered radiation spectra in an optical range, were proposed and
discussed in the paper [5]. Reconstruction of the electron distribution function for the
measured spectra at various experimental conditions are discussed there. In this presentation
we describe the experiment on C0 2-laser radiation scattering on the sheet electron beam and
results of computer simulations for these experimental conditions [6]. The experiments are
carried out at the U - 3 device [7] that has been specially modified for generation of a sheet
beam. First results on testing those diagnostic are also presented.

Theoretical consideration and numerical simulation

Frequency to of the radiation scattered by relativistic electron is relates with initial one too
l-flcos9 1 1 Y is

in accordance with the following equation co = (*), whereo1-o osis

relativistic factor of electron.
The function dwo/d/ has a maximum at 92

,1 = ', 2 = 0 and this maximum is equal to 4toTy2. fi e
The spectral density of scattered radiation dP/dco is
determined by the following formula )_-,9"

dP c dcI-- - ')dVdAQ (**) k0, oo
fc -ff1 0  - (,F)Sco co~drTQ( o-c - VFig. 1. The scheme of photon

where 1o is intensity of incident radiation, f(V, F) is scattering on electron
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the electron distribution function, -- is a differential cross section for the scattering process,dQ

v is a scattering volume and co' is determined from (*), AD2 is an angel interval of registration
system.

There is the principal possibility to differ input into the spectral density of the scattered'
radiation by the electron energy distribution function and by their angular distribution.? This

difference is demonstrated by Fig.2. The
dP()/d'w sr l=107 Wcm 2  calculated spectral density of scattered

20 - j=4.8 kAcm 2  radiation is presented there for two cases:
,3=0. 9 (1) angular spread is vanishing (A 9 b = 0),

2 energy distribution function is Maxwell one
15 /-11

with AE 2 ) 4 ke V, 8 z 0. 9, and (2)

10 1/2_

SA9b 0, AE 2 ) = 0, /i= 0.9 . O ne

"1 can see that the functions of spectral density
on the wavelength is sharply different from

. ......... ~ 2, nm these two cases.

540 550 560 570 580 But in practice, it is very difficult to
reconstract electron distribution function

Fig.2. Spectra of scattered radiation f(V,,F) by using the formula (**) on the
for the beam electrons with the energy

se T-I2 / 2 base of measured spectra. For solving thissprad;LkV(1 and with the
sprd ( ntask we have made computer simulation of

angular spread A 9-z 2" (2). the scattered radiation spectra for various

velocity distribution functions of the beam

electrons.

In addition to the angular spread of the beam electrons the shifting of electron velocity by

the influence of own beam's electric and magnetic fields were taken into account at these

simulations. It was shown that for the case of the Gauss distribution function of electrons with

the angular spread 10 and their relativistic factor y = 3 a typical spectrum had a width about of

7 A (see Fig. 3). for vanishing small current density of electron beam.

The effect of the self beam fields for the linear current IY = 0.5 + 1 kA/cm leads to strong

shifting of the position of spectra maximum and to increasing of the spectrum width up to a

few tens of Angstroms (see Fig. 4). These properties of the spectrum behaviours give one

possible to obtain the angular spread of the beam electrons and the values of the self beam

fields separately by analysis of the width and the shape of the spectrum. In case when the

beam current and the spectrum profile are measured independently the measurements permit

to find a value and time evolution of the beam charge neutralization in the experiment.

-448-



dP(.)/dA, a u dP(;4/dý a u

O1, 0.2 (4 (6 (s 1o0 1'0 1 8 .6 .4 0 o0

08 0,8 .....

06 0,6 .....

04 0,4 ....-

02 0,2 ...------ --

0 .20 40 60 80 100 12D 140 160 0 20 40 60 80 100

Fig.3. Calculated spectra of laser radiation Fig.4. Calculated spectra of laser radiation
scattering on the noneutralized scattering on the sheet REB (7o= 2 .6 , d=4mm,
sheetREB(yo=2.6, d= 4 mm, B0=1 T) for Bo= IT, j=0.5 kA/cm 2) for different values of
different current densities j. ko=4200 A beam neutralization, f. X0=4200 A
corresponds to minimum wavelength of corresponds to minimum wavelength of
scattered radiation. scattered radiation.

Experimental method of spectra registrations

The lay-out of the experiments is shown in Fig. 5. In the experiments the C0 2-laser
radiation with total energy about 10 J at 100 ns pulse passes in a vacuum channel in the
opposite direction to the relativistic sheet electron beam. The typical value of the electron
energy is E - 1MeV (7 -3) and the linear current density of the beam is about IY= 0.5

kA/cm.
scattering We use a TEA laser oscillator with UV

anode volume, v c02 Iaser preionization, which output is equal to -
beam 1 J, and a TEA amplifier with corona

discharge preionization at addition
S,, triethyl-amine (P=I Torr) in the gas

mixture. ZnSe and NaCl windows are used

both in the oscillator and in the amplifier.
Sscattered The oscillator is turned to one line of CO 2

- -ra molecule (X=10.6pim) by a diffraction
cathode -- 100an -- grating (150 lines per mm).

dri channel ,Back scattered laser light is apertured
and transported through light guides. After

Fig 5. Schematic of diode, beam line, that it is directed on slit of a grating
dropping and scattering of radiation, spectrometer for an analysis. Line

dispersion of the spectrometer is about 10
A/mm. From the spectrometer the scatter-
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ed light through six light guides on
1, kA U, MV photomultipliers. Before laser scattering

5--. .. 1 experiment we have carried out testing5 --- --------------- -- -- ----- 1, 1 --------- ----------- ------.. . . . . . . ... 1 .0
0.8, experiment to measure a light coming to

4 0.8 the registration system.
3 --- --- 0.6 For this goal we measured

2 0.4 background light and a stray-light level
1 0.2 throughout the accelerator pulse. The

result of the measure is presented in
Fig. 6. One can see the level of

-1---------- ...- 0.2 background light is vanishing small
0 2 4 6 8 10 12 14 during initial four microseconds. After

t' AS that the stray-light is increasing very little

Fig.6. Oscillograms of accelerator diode during accelerator pulse. That stray-light

voltage (U), beam current (I) and background behaviour permit one to hope on

light (lower curve, arbitrary units). successful scattering experiments.

Conclusion
So, experiments on C0 2-laser radiation scattering (X=10.6 [tm) on a high current sheet

beam with measurements of scattered radiation spectra in an optical range have been prepared
at the U - 3 device. In the first series experiments it has been established that background light
from the vacuum channel is small during initial four microseconds of the beam generation and
one may hope to measure spectrum of the scattered light. Spectra of the scattering radiation
have been calculated by the computer simulations for various experimental conditions.
Results of the background light registrations and computer simulations allow us to start the
measurements of the electron distribution function.
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X-ray spectroscopy application for magnetic field

and electron beam measurements in laser produced plasma

E.O.Baronova and G.V.Sholin

Nuclear Fusion Institute, RRC Kurchatov Institute
123182, Moscow, Russia

Abstract. Temperature and density gradients, parametric instabilities which are
common to laser produced plasma, can lead to both spontaneous magnetic field and electron
beam generation. Strong magnetic field splits lines, suprathermal electrons are of great
importance in energy transition processes and in plasma emission spectra formation.

Paper presents magnetic field strength and suprathermal electron energy measurement
method, based on investigation of x-ray line spectra, emitted from laser produced plasma.
Simple mechanism of magnetic field generation based on cumulative stream formation is
presented.

Experimental set up and diagnostics

Experiments were performed on "Target-i" facility [1], where flat and conical aluminum targets
were irradiated by Nd laser focused beam with intensity higher, than 1013 Wt/cm2. Diagnostics were
(see Fig. 1):

.3.... 1. Pinhole camera with the hole 20 gm, covered
by 50 ptm Be and 7 jim Al, distance from hole to
plasma was 25 mm, magnification 1:5.

4 2. Two x-ray spectrographs with flat KAP
S'2 . . . •. - .2 crystals, registered time integrated spectra in the

2...d first and second orders of reflection and situated as

.. ... : shown in Figl. Crystal to source distance was 70
Y .a mm and 100 mm for a) and b) devices accordingly,

crystal to film distance was 15 mm for both the
,K ) .. devices. Cassette with film was covered by 20 itm

Figure 1. Devices accommodation, 1-target, Be filter to protect from visible light, entrance
2-crystals, 3-film, 4-pinhole-camera. windows of spectrographs was also covered by 20

jm Be filter. In the first series of experiments
devices worked in the first orders of reflection.

Than device, registered spectra in a) direction, was remade for working in the second order of
reflection.

Results

Time integrated plasma image, obtained in X-rays of Ey> 1,5 keV in one shot are given in Fig2.
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It shows the existence of two plasma regions, situated one close
to another. Size of large region is equal to 0,6-0,8 mm in diameter,

Sthe smaller one is approximately three times less, distance between
: ~ these regions is about 0.4 mm.

Spectra, registered in two different shots in direction a) are
presented in Fig.3. Densitogram shows group of lines of H (Al 13)-
and He (Al12)-like ions of aluminum, K alpha, beta lines (Ka,b) of
Al atom and K-alpha lines of aluminum ions from 6 to 10 ionization
stages. Size of the region, emitting resonance line of H-like ion is
0.2mm, size of the region, emitting resonance line of He-like ion is

Figure 2. Pinhole image and it,s 0.4 mm, sizes of the region, emitting K-alpha, beta lines of Al atom
densitogram, made in AD direction is larger, than that for strongly ionized aluminum.

Figure 3. Two spectra, obtained in different shots in a) direction

Temperature and density, evaluated from relative intensities of lines belonging to He-like group
[2] are Ne-10 19 cm-3 and Te -0,4 keV (pre sence of electron beam was not accounted).

Analysis of the spectra, registered in a) direction and related to different shots has shown the pair
of atom K-alpha, beta (Ka,b) lines shifted with regard to the Al ion lines (H and He-like) group of
lines, see Fig 3,4.

a Al 12 Figure 4. Densitograms of spectra,
given on Fig.3.

Al113 Ka

Kb

The one more feature of spectra obtained is the
pn presence of splitting of resonance line of H-like Al

] am K Alp, b ion, registered in the second order of reflection in

Ka a) direction, see Fig.5. This feature was observed,
Kb when aluminum targets with small conical hollow

.:iA were irradiated.
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Discussion

Taking into account the dependence of the line position on the position
of the source (for flat crystal) this effect could have been explained by the
change of distance between the source of Al atom K alpha beta lines and the
source of Al ion lines from one shot to another. Indeed, one can assume, that
H and He-like lines are emitted by plasma and also plasma generates electron
beam, which can leave plasma and interact with cold Al target surface,
situated near plasma (see two regions on Fig.2.). This interaction leads to K-
alpha, beta line emission, shifted with regard to position, calculated using

S0005 A dispersive curve of the device.
. .... Distance between sources of Al ion lines and Al atom lines was

estimated from relative shift of H and He-like lines and Al atom lines, the
Fig.S. Densitogram of typical value of these shifts is about few hundreds of microns, what
Al 13 resonance line. corresponds to the distance between two regions, obtained by pinhole-

camera.
Irradiation of conical target also proves that the position of the sources of Al ion lines and Al

atom lines are different, obvious demonstration of that is various inclines of ion and atom lines,
registered in the same shot.

We also would like to pay attention on the fact, that splitting of resonance line of H-like ion might
be explained by formation of cumulative stream [3]. Actually, irradiation of conical hollow can lead to
plasma motion in perpendicular to conical surface direction and in opposite direction with regard to
laser beam one. Velocity of this motion is equal to ion sound velocity Vs-(Te/Mi) 1/2, the thickness of
heated layer is equal to depth of electromagnetic field penetration in nonlinear regime

8=(c/fo)(Mi/m)'/ 4 [4].
r e: in Plasma stream, moving towards the laser beam, has diameter

d-28 and contains electron and ion components, flowing with
their thermal velocities so, that current arises near axis region
and corresponding toroidal magnetic field may be expressed

_ cuuntstream•. B as:Hp=0,2IUd-0,6*10.10Ne*Ve*7t*,.

The observed splitting of H-like resonance line is therefore
explained as Zeeman splitting in this magnetic field, which may
reach the value Hp- 1 07 108 Ersted. Let us estimate theoretically

Fig.6.. Magnetic field and cumulative splitting of line in magnetic field:
stream picture. 5X/X=,=&/mo(8/3a2*Z)*(gi*H)/mc 2  10"02 H

Splitting, observed experimentally, is 8X-0,005 A, i.e.5X/X,/'-7*10-4,

such the splitting is actually possible, if H-108 Ersted.
The series of experiments have shown the splitting being more often registered, if targets with

conical hollow were irradiated. This is one of the possible confirmation of suggested model; of line
splitting, the existence of both suprathermal electrons and characteristic lines. However, one cannot,
exclude the probable influence of similar mechanism in the case of irradiation of flat targets, when
duration of laser pulse is enough large. In such the case formation of cumulative stream might be as a
result of focusing of different mode of laser beam in expanding dense plasma. Cumulative stream
cone will be formed within the geometry of focusing laser beam, where electron temperature is
essentially higher, than outside. The increasing of electron current density in the cumulative stream is
possible due to decreasing of interaction region in the close vicinity of top cone and influence of
magnetic compression H2/87r.
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Hot electrons, generated in plasma, moving in this field, could have circle trajectories, therefore,
leaving the dense plasma region, they interact with cold target, causing the emission of characteristics

atom lines of target material. Estimation of magnetic field, calculating the
radius of electron trajectories from the relative shift of ion and atom lines,
gives H-10 5 Ersted.

Summary
Figure 3. Configuration of
magnetic field and electron 1. Time integrated spectra of H and He-like aluminum ions and
beam. characteristics lines of aluminum atom, emitted from laser produced

plasma, were registered in one shot
2. It has been shown ion and atom spectral lines emitted by different regions. This effect was

explained by the generation of suprathermal electrons and magnetic fields inside plasma.
3. Splitting of resonance line of H-like ion was registered for the case of irradiation of target with

conical hollow.
4. Self-conformed model of cumulative stream formation for the case of laser beam irradiation of
target with conical hollow is suggested. This model permits one to interpret the existence of electron
beams and toroidal magnetic fields.

In conclusion authors express gratitude to colleagues, worked at ((Target-i»> installation.
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RETRIEVAL OF REFRACTIVE INDEX DISTRIBUTION IN AN AN-
ODE LAYER FROM FOURIER IMAGE OF PROBE LASER BEAM

V.S. Cherkassky, B.A. Knyazev
Novosibirsk State University, Novosibirsk, 630090, Russia

INTRODUCTION

Quality of an intense ion beam generated in the ion diode sufficiently depends on charac-
Fourier Plan Streak teristics of the anode plasma.

Ce One of the ways to study the
Objec anode layer is a refractive-L"index gradient diagnostics

. / based on the record of de-
-• --.- flection of a collimated laser

beam [1-3]. To retrieve a re-
fractive index distribution
across the layer by such the

Object plan f Beam-splitter technique one needs to per-
/ form a number of measure-

Bi-cell photodiod ments at different distances of
Fig. 1. Schematic of optical system for study of anode plasma on COBRA the laser beam from the an-
ion diode ode surface. An alternative

technique [4], which is usually used for detection of distant objects, is retrieval of phase shift
across a wide wave front, that have passed through a gradient layer, by solution of the inverse

0._._problem from two intensity measurements:
intensity in the object plane and intensity in

P, mrad •the Fourier plane. An experimental technique

which, in essence, combines these methods
0.0. ,-, - and allows to record both a laser beam de-

flection and Fourier-image of the beam have

Ud,&U. been developed on COBRA accelerator at
u0.5. . -Cornell University [3]. Dynamics of the re-

-0.5 0.0 0.5 1o is fractive index distribution obtained from laser
3-_1_1 beam deflection data was presented in papers

[5] where experimental setup was described
z____,_____in detail.

0 •In the experiments mentioned above
'i_._ (Fig. 1) the plasma layer was in the front focal

- -3"-_ __ plane of the lens L, and the back focal plane
Fig. 2.Oscillogram of the photodiode signal and of the lens was displayed with a mirror on the
streak of the intensity distribution of the laser beam in photocathode of a streak camera Hamamatsu
the Fourier-plane (below) for the same diode shot. C2830. For simultaneous record of, a laser
Distance from the beam axis to the surface of the an- beam deflection and its Fourier-image, the
ode is 0.45 mm, Ud is the voltage pulse applied to the beam was split by a beam-splitter An oscil-
COBRA diode. Diamonds: the beam deflection re-
trieved from the streak. logram of the beam deflection recorded by the

photodiode, as well a streak-camera trace of
the Fourier-image of the beam recorded in the same shot are given in Fig. 2. They are in a
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good agreement, excluding the time during the diode shot, because a sweeping time of 2 /u s
was not adequate the ((positive»> deflection of the beam in the streak to be resolved.

One can see that the streak of the Fourier image content some additional information in
comparison with measurement of deflection of the laser beam centroid. It demonstrates non-
linear distribution of the refractive index ig(z) across the beam. Thus, in principle, we can re-
construct from the streak of the Fourier-image the distribution within the laser beam and to
improve by this way spatial resolution of the method [3,5]. This paper devoted to development
of an algorithm for retrieve the distribution of refractive index within the beam from the mag-
nitude of its Fourier image.

RECONSTRUCTION ALGORITHM

Since the optical system is a long-focus one, the plasma layer can be considered as a thin
ones although really its width is sufficiently less than the length. For this reason we can assume
the layer as a phase transparent positioned in the front focal plane of the lens. Using the ap-
proximation of the phase shift, i.e. assuming that the amplitude of a laser beam is not changed
after passing through the layer but only its phase is changed, one can formulate a problem as
follows. Let's assume that incident on the layera complex wave is

f0 (z) =If, (z)I exp[i 77, (z)] (1)

After passing through the layer the wave function becomes
f, (z) =]fA (z)exp 1iri7 (z)] (2)

Corresponding Fourier-images, i.e. wave functions in a Fourier-plane, we will denote
asF.(u) = 3-[f 0(z)] and F,(u)= 35[f(z), ] respectively. Thus, the task is reduced to definition

of two phases ir (z) and qri(z) using recorded in the experiments amplitudes IFh(u)j and

IF, (u) under the additional condition

If0 (z)1=1f 1 (z)I= a(z) (3)
Where a(z) is a real function, - amplitude both of the non-perturbed and (under the assump-

tion) perturbed beams in the front focal
0 plane.

IF.°=P c'ei• ,I,-,1 For solution of this problem we
modified the Gerchberg- Saxton algo-

=f(z) 3(Fo(u)) - (z)-- =(FJ(u) rithm [6]. In our case this algorithm
consist of the following steps (the

' (u) block-diagram of algorithm is shown on
Fu( ( F •u the Fig.3.):

1. The random numbers in the range
o < 0 • 27r were used as an initial ap-
proximation for phases y,0 (u) and
V/, (11) in the Fourier-plane.

F),[F(u) = qn(z).- gi q(z)) 2. Functions F0 (u) and P, (u) are ob-

tained by multiplication of experimen-
tally measured modules by phase factors
with phases V,(u) and V,(u). Thus,

SBaofelgor the first approximation of wave func-
Fig.3. Block diagram of the algorithm. tions in the Fourier-plane is obtained.
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3. Inverse Fourier transform of F0o (u) and F, (u) gives the first approximation.

4. A half-sum of JI, (z)l and 1 , (z)l were used as a new value of a(z) to satisfy the condi-

tion (3).
5. Direct Fourier transformation of this approached functions in the image plane gives a new
approximation for functions F. (u) H Jý (u).
6. Calculated amplitudes are replaced by their experimentally measured values and procedure
is repeated from point 2 until convergence.

The difference between calculated modules of Fourier images and experimentally meas-
ured modules is the criterion of the convergence. Because the experimental data contain errors,
the residuals decreases from iteration to iteration, but does not converge to zero. A practical
criterion of convergence was chosen as follows - the iterations are stopped when the residuals
do not change. The algorithm was tested by a particular test example. In numerical calculations
the Fast Fourier Transform (FFT) were used for direct and inverse Fourier transform.

EXPERIMENTAL DATA PROCESSING

Let's remind, that non-perturbed and perturbed beams were recorded in each experiment,
but these data were flared in time (at first the module of Fourier-image of non-perturbed beam
is recorded, then after the voltage pulse on the diode the module of a Fourier-image of a per-
turbed beam is recorded). Since the diameter of the beam in the focal plane is small, and the
number of recorded pixels in this plane is rather large (376), the number of significant points in
a front focal plane contained few points (5-6), and the algorithm worked unstable. After pad-
ding the experimental data with zeros to 1024 .points the solution in the object plane get 20-25
significant points and the solution becomes stable.In the first time-cut initial phases in accordance with the algorithm were chosen random.
In the next cuts the solution obtained in the previous cut was used as an initial approximation.

(1_1) ,10-6 There were used FFT on the 1024
1- 0 points and the number of iterations

11 necessary for convergence in one
time-cut varies from 500 to 1500 it-

t-300 ns erations. First of all, distribution of the
÷ phase the voltage pulse was restored.

\.÷.- ..... It slightly varied from convex to con-
0- _ .-- cave near the horizontal line.

N "" A derivative dz,/.e--dz in

/ t120 ns the maximum of amplitude of a probe
I laser beam was calculated from a dif-

.1* -* / ference of phases on a cross coordi-
nate in order to compare calculated

0.3 0.6 0.9 1.2 values with the deflection of the probe
z, mm laser beam measured by the photodi-

Fig.4. Refractive index as a function of distance from the an- ode. This derivative multiplied by
ode. Doted lines - results obtained by integration of laser beam
deflection in different shots with different distances from an- A / 21r is equal to a deflection angle
ode. Points and crosses -the results of being processing. of the probe laser beam passed

through the plasma layer. The calcu-

-457-



lated magnitudes of the angle are imposed with diamonds on the oscillogram obtained by the
photodiode (Fig. 2).There is a good agreement everywhere, except for an area of a "positive"
deviation, which, as mentioned above, was excluded from the analysis.

Refractive index as a function of distance from the anode (within the caustic of the laser
beam), was obtained [3,5] by integrating the results of deflection technique in many shots with
different z for two moments of the anode layer expansion (Fig.4.). The distribution of refrac-
tive index which is retrieved by this technique with accuracy up to a constant, was fitted to the
refractive index distribution mentioned above. Results of both the techniques are in a reason-
able agreement, but a spatial resolution (-0.03 mm) of new method is ten times higher then of
the deflection technique. One can expect that with a wide probe laser beam a refractive index
distribution with a high space resolution can be obtained in a single diode shot.

CONCLUSION

The new optical system allows to expand essentially capabilities of the RING diagnostics
supplementing "classical" measurements of a beam deflection by record of a Fourier-image of
the beam, passed through the plasma, that allows to rise considerably a spatial resolution of a
method. Using a wide laser beam one can tune the diagnostics to reconstruction of the refrac-
tive index in all the layer for one shot. Certainly, in this case measurement of a laser beam de-
flection becomes meaningless.

Authors are indebted to J. Greenly, D. Hammer, E. Krastelev and A. Matveenko for co-
operation and stimulated discussions. Work was partly supported by U.S. Civilian Research
and Development Foundation, Award #RP1-239, and grants from Russian Ministry of General
and Professional Education and State Committee on Science and Technology.
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X-RAY SPECTROSCOPY AT "S-300" FACILITY

S.A.Dan'ko

Russian Research Centre "Kurchatov Institute" 123182 Moscow, Russia

ABSTRACT

X-ray spectroscopy is one of the most informative diagnostics used on "S-300"
facility (3-4 MA, 600 keV, 100 ns). Specially designed crystal spectrograph permits to get
time-integrated [H]- and [He]-like ion spectra with two-dimensional spatial resolution in
each experiment run. Computer processing of the spectra gives electron and ion
temperature, hot plasma density, energy radiated in separate lines and geometry shape of
radiation source. X-ray spectroscopy method and some results from light liner and Z-pinch
experiments are reported in this paper.

The "S-300" facility is one of the most powerful pulsed generators of relativistic
electron beams in Russia. It produces electric current up to 3.5 MA on the physical load
with rise time of 100 ns. In the plasma experiment on "liner-converter" scheme [1] or Z-
pinch [2] the X-ray spectral measurements are very important on the last compression
stage. Basic parameters: temperature, density and plasma formation dimensions - are
determined by X-ray method.

For such experiments it is necessary to know both spectral and spatial distribution
of radiation in the wide spectral band, that corresponds to the wide range of radiating ions
and wide temperature interval. These requirements are satisfied by the spectrograph with
convex cylindrical mica crystal and narrow slit placed in the front of it in the dispersion
plane. Fig. 1 demonstrates image building by means of the spectrograph slit in the
transversal direction to it. X-ray spatial resolution in another coordinate parallel to the
electrode plane is possible to obtain in each separate spectral line too.

Z-azia

'{•u•€ " "---_ _X--r_.y film

Fig.1. Convex crystal spectrograph scheme.

There's a necessary condition for it: the observation angle of the source must be
considerable greater than the angle, in which separate line radiation goes after crystal
reflection. This condition is described by the following inequality:
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b/L >> W/*tanO,
where b- source width (diameter),

L- source-dispersion crystal distance,
0- Bragg angle for radiation of wavelength k,
8k- spectral line broadening.
The nearest spectrograph location to the source satisfies this inequality, so in

addition it provides to obtain bright plasma spectrum on the film in one facility run. The
obtained spectrum processing have been usually performed by means of slide-scanner
"Mustek", and especially developed computer code "VideoX". This program displays the
spectrum on the monitor screen and calculates various values required. It calculates
spectrograph dispersion, X-ray gathering force; link spectrum image to the dispersion
curve. The code determines source brightness in separate spectral lines according to the
crystal reflection ability, filter transparency and X-ray film sensitivity.

Spectral intensities of [H]-. and [He]-like ions, width of lines and source
dimension obtained by means of "VideoX" code are input parameters for "Dismat"-code
[3], which is responsible for Ne and T, determination. Code "Dismat" accounts line
radiation self-absorption as escape-factor in the plasma of the effective optical depth.

The main point of the "liner-converter" scheme is that plasma liner, compressed
by high currents, heats through the electron heat-conductivity along its axis the converter
located on one of the diode electrodes, so that heating flux is, transformed into the
converter characteristic X-radiation. The first order reflection spectrum is shown in Fig.2a,
where long lines of [H]- and [He]-like argon ions correspond to the liner substance, and
short chlorine lines - to the converter one. At the right-hand side in Fig.2c liner and
converter location in the high current diode is presented. Fig.2b is a reconstructed image of
liner in the [H]-like argon resonance radiation (negative).

Ce
I [He 7NI [He no de

And

3 733?'5 4/9 Y
A A, m. Converler

a b c

Fig.2. The first order reflection spectrum (a), reconstructed image of liner (b) and
experimental scheme "liner-converter " (c).

The hot argon plasma height in that experiment was about 7 mm, and chlorine one - 1.5
mm. For the transversal plasma dimension determination two orders reflection data should
be utilized. The matter is that spectral width of lines considerably differs in the different
reflection orders. It means, that comparable contribution into width of lines make two
factors: radiation source dimension and Doppler broadening (Stark broadening is small).
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So, two line width (8k), and (8k)2 - in the first and the second reflection orders give two
equations for two unknown quantities:

kb*dk/dx I I + (X)s = (8k)1

kb*dk/dx 12 + 2 (8X)s = K)2,

where d?/dx I and dX,/dx 12 - are spectrograph dispersion in the first and the second
reflection orders, k- coefficient of image demagnification, (6X)s- spectral line width. The
obvious condition for this procedure validity is the separate line presence in two orders of
reflection. Unfortunately, spectral width (8k)s is not Doppler profile width because of the
great optical depth in liner and Z-pinches plasmas, that leads to the Doppler shape
deformation.

From intensity ratios of [H]-and [He]-like lines of high-charged ions and radiation
source dimension the computer code "Dismat" restores electron density and temperature in
plasma. It means the direct calculation of radiation intensities from uniform stable plasma
of cylindrical form, where parameters Ne , Te and diameter b are introduced beforehand.
The code deals with one nuclear sort of ions in plasma, when Ni=Ne/Zeff. Ne and Te - are
fitting parameters. In the real compound plasma, where different sorts of ions are presented
in the same place, the third fitting parameter appears - b. Decreasing the magnitude of b in
comparison with the value calculated from spectral line width, "Dismat" code results may
be interpreted as radiation intensities for real plasma dimension, but with less plasma
density Ni < Ne /Zeff. So, these three fitting parameters are used to determine both the line
intensity ratio and ion density of sort Z.

In the experiment (Fig.2) all plasma parameters were obtained from two orders of
crystal reflection: the first and the third. They were: Ne = 6*1021 cm-3, Te =530 eV, NAt-=
4* 1020 cm"3. The chlorine ions concentration was Ncl= 7* 1018 cm"3, plasma diameter b=1.2
mm and linear mass of liner 2.5* 10-4 g/cm. The whole energy radiated in [He]-like argon
resonance line was determined from spectrograph sensitivity; it proved to be about 20
Joules, and in [He]-like chlorine - 0.7 J.

In the Z-pinch experiments a small dimension of the hot plasma, less then slit
width, was a characteristic feature. The transversal dimension was obtained as the width of
penumbra from the slit edge. In the experiment, in which potassium chloride was doped
into the agar-agar load, the height of the [H]-like chlorine radiation source was 150
microns and the diameter - 220 microns. In the [He]-like potassium radiation the diameter
was in one and a half times less -135 microns. The electron concentration and temperature
were: Ne =1022 cm -3, Te = 820 eV. In Fig.3 the third order reflection of the observed

K a
I I

10.6 12.55 13.33

A

Fig.3. The third order reflection of [HI-and [He]-like chlorine and potassium ions
spectrum in the Z-pinch constriction (negative).
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spectrum for chlorine and potassium in this experiment is presented.
The spectroscopic method advantages presented in this paper can't satisfy all

experimental requirements. So, the low spectrograph sensitivity limited the minimal
amount of the diagnostic admixtures inserted into the load substance. Time resolution
absence in the spectrum registration system restricts spectroscopic abilities and leads to the
certain errors in the measurements.

The presented work was supported by the Russian Foundation for Basic
Researches, grants No. 96-02-19534 and No. 98-02-17616.
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INTRODUCTION

In gyrotrons, i.e. sources of powerful (up to 1 MW and higher) coherent microwave
radiation the electron beam is formed by a magnetron-injection gun that operates in the
regime of temperature limitation set for emission current and with the electric field at the

cathode, which is but insignificantly weakened by the field of the spatial charge. Optimization
of electron-optical systems in gyrotrons is made more complicated due to strict requirements
for homogeneity of helical electron beams and low velocity spread of electrons in the beam.
Worse homogeneity of the electron flow leads to a sharp decrease in efficiency or appearance
of various instabilities resulting in a break of oscillations. Optimization of parameters of
gyrotron guns requires a detailed analysis of many physical processes in the electron-optical
system (EOS) of a gyrotron and application of complex mathematical models [1]. At the same
time, practice demands sufficiently simple and fast ways to analyze EOS quality in order to
estimate basic parameters of cathodes. The purpose of this work is to modify diagnostics
methods for gyrodevices.

BASIC EQUATIONS

As it was assumed in [2] by "efficient emission inhomogeneity" we will mean some
inhomogeneity affecting and manifested in characteristics of the cathode and will not go deep
to study micromechanisms leading to cathode inhomogeneity. Neither we will pursue the
problem of studying "emission relief' of the cathode referring to the coordinates on its
surface.

Inhomogeneous character of emission manifests it self in blurring of the area of cathode
transition from the p-regime to the saturation regime, which is associated with transition of
different areas on the cathode to the saturation regime of different values of cathode voltage.
As the voltage grows, the part of the cathode area working in the p-regime shrinks, and the
part working in the space charge regime extends. The transition voltage for each elementary
section of the cathode area depends on its emitting properties, and the more homogeneous is
the cathode in terms of emission, the narrower the zone of transition from the p-regime to the
saturation one will be.

In [2] it was shown that density of distribution of efficient emission inhomogeneity is
equal to the second derivative of the cathode current-voltage characteristic with accuracy up

to a constant term: F6 I7 dx2 ,where x = U/2 . As it follows from Child-Langmuir

equation and Richardson equation, the width of the transition zone, where the regime of space
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charge limitation of the current is replaced by the regime of temperature limitation for
emission current, depends on the difference of temperatures at different sections of the
cathode, and the difference of the work function at different parts of the surface. If one
normalizes current and voltage to their values I0 and x0 corresponding to the maximum of the
distribution density function, and the parts of the cathode surface working in the space charge
regime and in the saturation regime, to the full surface of the cathode, S, one can find the

-I X - S S
following system of variables: I = - =x0 =-, S ' , = -, which is convenient for

10 X0 S S 5
comparison of different cathodes.

METHODS AND EXPERIMENTAL RESULTS

Reliable results require high accuracy of measurements of the current-voltage
characteristic. Therefore,, the experiment employed an automatic system based on a HiCom
(DEC) computer and KAMAK tools or PC "Pentium" [3]. Secondary processing of the
experimental data was performed on an IBM PC using a special software featuring the multi-
windowed user interface that makes it possible to visualize data in different systems of
coordinates, programs for double differentiation of the tabulated functions, their smoothing
and extrapolation.

The measurements were performed in two regimes: modeling and operation regimes
(subscripts "i" and "o", respectively). To retain the density of the space charge. and
trajectories of particles, the magnetic fields, currents and voltages in modeling regimes were

found from the similarity relations: U. = B. = The difference in the
K [K ýeK

measurements of the current-voltage characteristic in the operation and modeling regimes are
caused mainly by higher temperature and field intensity at the cathode, i.e. greater role of the
Schottky effect at operating voltages. The current-voltage characteristics were measured also
in the modeling regimes in the absence of the magnetic field. Such measurements were aimed
at the possibility to study cathodes before installation into the gyrotron. By that, it is easier to
study the emitter at reduced voltages in the regime of current to the anode in the absence of
other elements of the electron-optical system and the magnetic field.

The normalized distribution density function is often well described by the normal
distribution law, which can be written down in the assumed system of coordinates in the

following way: (1- ( )2. Functions of emission inhomogeneity

distribution may be approximated by the normal distribution, parameters of which were
determined by the variation method. The smoother sloping to the right of the maximum is
caused by the Schottky effect and this deviation from the normal distribution law impairs the
approximation quality. At the same time it is evident that due to double differentiation of the
current-voltage characteristic the contribution of the Schottky effect to the width of the
distribution function is insignificant and one can neglect that without seriously distorting the
information about the cathode properties. The experiments performed demonstrated that
although the width of the emission inhomogeneity distribution function depends on the
regime (operation or modeling, with or without magnetic fields) the relationship between the
width of the distribution function for different cathodes is retained regardless of the
measurement regime. The setup used in the experiments described made it possible,
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simultaneously with measuring the current-voltage characteristic, to perform highly accurate
measurements of electron velocity spread in the beam and relative oscillatory energy by the
method of the decelerating field [4]. Such measurements employ an analyzer consisting of a
grid fed with negative voltage and a collector. Having compared the results of measuring the
spread of electron velocities and the value of emission inhomogeneity one can see that there is
correspondence between the cathode with higher emission inhomogeneity and larger electron
velocity spread (Fig. 1). This fact can be explained by that the cathode with higher emission
inhomogeneity is characterized by larger spread of initial electron velocities in the operating
volume of the gyrotron, and, consequently, to lower efficiency of the device. The results of
the experiment confirm that there is connection between the value of emission inhomogeneity
and the spread of electron velocities. However, specifying the character of this dependence
(i.e. finding empirical formulas to express one parameter interms of the other) is possible only
after a significant number of cathodes has been experimentally investigated.

It 2.0 -

S0.4
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4,0.2 - AAII l

S.0.8 A 'A

0. 1
0.4

130.0 1 1 1 1
0 10 20 30 40 50' I I ' I I I ' I ' I

0 10 20 30 40 50

Beam current, A Beam current, A

Fig. 1. Dependencies of the spread in transverse electron velocities and dependencies of
efficient emission inhomogeneity on the beam current for two different cathodes.

Comparison of parameters of emission inhomogeneity distribution for the real and
modeling regimes gives the possibility to judge about and pass over complex measurements
of cathode appropriateness of the measurements characteristic in the modeling regimes in
order to analyze emission inhomogeneity of cathodes in greater detail. In order to reveal the
mechanisms causing emission inhomogeneity and to determine emission distribution over the
cathode surface, currently we are designing a setup that 'would include the possibility to
measure current-voltage characteristics of small areas on the cathode, analyze the work
function at different points on the cathode by the method of secondary electron emission, and
measure distribution of temperatures over the cathode surface. At present one can presume
that the cathodes with a = 0.3-0.4 at operating temperature have sufficient homogeneity for
gyrodevices. However, as it has been mentioned above, a more accurate analysis requires a
larger stock of statistics and, possibly, better approximation for description of emission
inhomogeneity (e.g., X2-distribution). That the method proposed can be reasonably applied for
cathode diagnostic is proved by measurements of the output power and efficiency of gyrotrons
with different emitters. Before the gyrotron efficiency was measured, its current-voltage
characteristic was obtained in the operating and modeling regimes at different temperatures of
the heater. The experimental results are shown in Fig. 2 for different emitters as the
dependence of the gyrotron efficiency on the measured efficient inhomogeneity in the
operating regime. As the value of efficient emission inhomogeneity grows, gyrotron
efficiency drops respectively, since at other equal conditions gyrotron efficiency is determined
by the quality of the electron beam, i.e. homogeneity of emission and absence of instabilities
in the beam. The same complex of measurements was made for gyrotrons for technology
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applications basing on PC setup. Two cathode tips was tested - low and high temperature. In
all cases observed efficiency dependence from emission inhomogeneity such as shown at
Fig.2. For one gyrotron emission inhomogeneity a - 2 was measured and the technology
defect on cathode surface was discovered. So, the method may be used for quality control of
the cathodes for dyrotrons and diagnosis of defects.

0.50

0.40

0.30 -

0.20- ' ' '

"0.2 0.4 0.6 0.8 1.0 1.2
Efficient emission inhomogeneity

Fig. 2. Dependence of gyrotron efficiency on efficient emission inhomogeneity of the cathode
for powerful pulsed gyrotrons.

For technology gyrotrons cathode emission degradation with time was investigate. As
known, the degradation characteristics include an overall work function distribution change
with time and temperature changes with time for operating current. At present one can
presume that changes of the cathode inhomogeneity with time are not big and operating time
of gyrotron with same type of cathode may be several hundred hours. Some peaks on function
after operation are indistinct due to the retarding particle and process of cathode activation and
evolution of work function distribution.

CONCLUSIONS

The described method for studying cathodes of gyrodevices basing on the analysis of the
transition part of the current-voltage characteristic allows fast analysis of cathode quality. By
that, possessing a sufficiently large stock of statistic materials one can predict attainable
efficiency of the device. The ease of use and fastness of the method makes it possible to apply
it for monitoring changes in the cathode quality during usage. A whole complex of
measurement including analysis of the current-voltage characteristic, study of emission
homogeneity on the cathode surface, and monitoring of temperature homogeneity allows
complete characterization of emission capability of the cathode. The described setup and
experimental method provide accurate measurements of current-voltage characteristics of
cathode in gyrodevices and quality control of the cathodes to be installed in such devices.
After a sufficiently large number of cathodes has been investigated by this method and the
technique used in their making has been studied, it will be possible to compose
recommendations on the manufacturing technique and activation of cathodes in gyrodevices.
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INTRODUCTION AND METHODOLOGY

The plasma opening switch (POS) has been used for pulse compression and power
amplification in a variety of inductive energy storage systems with conduction times ranging
from tens of nanoseconds to in excess of one microsecond.Y' 2,3'4 In such systems, the POS
first acts as a low series resistance while charging a vacuum inductor with energy from a
capacitive store, and then rapidly transitions to a high resistance to transfer the energy
quickly and at high power to a parallel load. Because of the implications to size and cost of
a pulsed power generator, improvement of the POS in terms of scaling the switch to higher
voltage and current operation has been a major emphasis of research over the past several
years.15,6,71

To improve and better understand the operation of plasma opening switches, it is
highly desirable to have data from a variety of diagnostics that provide a clear and internally
consistent description of switch operation. Such, unfortunately, is not the case presently.
On DECADE Module I (DMI), electrically based diagnostics measure current both
upstream and downstream of the POS, and infer a voltage at the POS location based on a
transmission-line algorithm and the voltage measured at the vacuum interface'-8 9' Radiation
based diagnostics measure the output of a bremsstrahlung diode driven by the POS, and infer
from this the diode voltage and current.""' These various diagnostics are shown

schematically in Figure 1.

POS •Endpoint Voltage

Radiation
Diagnostics

< DM

A B C DE

Figure 1. View of DM1 electrical and radiation diagnostics.

The current monitor locations are labelled "A" through "E" and consist of discrete B-
dot probes. Locations "A" through "D" are approximately 8.6 cm apart, locations "D" and
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"E" are 4.8 cm apart, and location "E" is 3.4 cm from the plane of the diode foil. The diode
currents obtained with these monitors agree well with the current inferred from radiation
diagnostics up to near the time of peak radiation production. After this time, the radiation
based measurement indicates a diode current that is lower than that measured electrically,
and one that continues to diverge rapidly from the electrical measurement.

The conclusion that the downstream monitors are incorrect will be shown by obtaining
the downstream current using the voltages at the POS and diode to integrate the expected
current through the inductance between those two points: a current that agrees very well
with that obtained by the radiation diagnostics.

The following assumptions will be made in our analyses: 1) The calculated POS
voltage is correct; 2) the diode voltage inferred from differentially filtered PIN diodes
(referred to as the endpoint voltage) is also correct; 3) the radiation dose-rate (Si)
measurement is correct; and 4) the energy difference of various electrons impacting the
radiation converter is sufficiently small that it can be ignored for the purposes of the analysis
presented below.

The region between the POS and the load can be modeled as shown in Figure 2, as a
series of inductors with resistive shunts to permit losses. It is not too difficult to show that
the integrated voltage differential divided by the total inductance is equal to the load current
plus a weighted sum of the various loss currents:

S,(r)[ O N Vldýi,] t= Il l/, + " = N, k =j [kad + Cde,,.vs

ELi L,

where I, is the loss current flowing through the k"1 loss resistance, I,,, is the total loss current
downstream of the POS, and cc is a weighting function dependent upon the distribution of
the loss current: if the losses are assumed to be localized, then aX is 0 for losses at the POS,
and 1 for losses just before the diode; cc is equal to 0.5 for losses distributed evenly between
the POS and diode. Rather than begin with more complications than necessary, it will be
assumed that losses are small late in time: i.e. a=0.

VENDPOINT

LI L2 [3 L4 L5

Vpos R R2 R3 R

Figure 2. Schematic of the POS to load region on DM1.

By evaluating this expression on DM I shots, it is possible to arrive at another estimate
for the diode current. The validity of the assumption of small loss currents can be tested by
comparing the results of Equation 3 with the current derived from the radiation output. The
current obtained through Equation 3 is an upper bound on the current since loss currents will
reduce the flow to the load.
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The value of inductance between the POS and load is needed for calculation of the
late-time current. A shot in which a short-circuit is the load can be used to determine a
representative value for this inductance, including such effects as flux-exclusion by plasma
transported downstream of the original POS location. DMI shot 2466 is used for this
purpose, and the inductance is calculated to be 47 nH. This compares very well with the
geometric inductance from the POS to the load of 53 nH, and will be used in subsequent
calculations.

In the analysis that follows, averaged data of 'good' shots will be somewhat arbitrarily
used. This makes the implicit assumption that this algorithm should agree best on shots that
have good current transfer, and that additional losses may be responsible for lower output.
Figure 3 shows the average values of POS and diode voltage for five similar high yield shots
that are, considered.

The disagreement between the calculated current and that inferred from radiation
output early in time is observed on all shots analyzed, and is due to two processes occurring
in the POS. First, the switch, or a portion of it, is thought to translate about 6-7 nH
downstream due to JxB motion prior to opening: the initial voltage rise on the POS voltage
is actually due to the time varying inductance associated with this motion. Because of this
translation, the downstream current rises after the calculated current, and with a faster slope.
The second process accounts for the currents inferred early in time in the diode being higher
than those calculated. This is because of the inductive path from the POS to load being
reduced at or near peak switch voltage due to vacuum flowing electron current. This
inductance can be estimated from the ratio of the calculated to inferred currents, and for all
the shots examined is typically 30-35 nH.

RESULTS

Using equation 3, the value of 47 nH for the inductance between the POS and load, the
load current can be calculated and shown to agree very well with that obtained from the
radiation diagnostics. This is done in Figure 4 for the composite average of the five shots
discussed above, where the divergence of the e-ring measured current is also obvious.
Representative error bars are shown on the current derived from the output of the
bremsstrahlung diode. Near both the beginning and end of the pulse, the error bars can be
quite large due to uncertainties in the diode voltage calculation caused by rapid changes in
radiation output.

SUMMARY

It has been shown that the current monitors downstream of the POS on DM 1 appear to
diverge from the true diode current at times around and following peak radiation output. An
alternative method for calculating the diode current has been used and shown to agree very
well with the current inferred from radiation measurements.

ACKNOWLEDGMENTS

The authors would like to thank B.V. Weber of the Naval Research Laboratory, M.A.
Babineau of Sverdrup Technology, and the DM I crew for expert assistance during these

-469-



25 ..5 ....... - Pos U . . ,ream

--- -Diode 1 .5 E -ring. ... - X-ray inferred
-C alculated

2

> <",

0)1 C- "-

U" " 0.5
0.5

0 ,

200 300 400 200 300 400

Time (ns) Time (ns)

Figure 3. Average POS and diode voltages for Figure 4. Comparison of currents for the
the five high yield shots of the Qualification Test. average of shots 2454, 2455, 2457-2459.

experiments. The continuous and enthusiastic support of J.Rowley and R. Schneider of
DSWA is also gratefully acknowledged.

REFERENCES

[1] W. Rix, D. Parks, J. Shannon, J. Thompson, and E. Waisman, "Operation and empirical modeling of the
plasma opening switch," IEEE Transactions on Plasma Science, vol. 19 (2), pp. 400-407, 1991.

[2] R.A. Meger, R.J. Commisso, G. Cooperstein, and S.A. Goldstein, "Vacuum inductive store/pulse
compression experiments on a high power accelerator using plasma opening switches," Appl. Phys. Lett.,
vol. 42, pp. 943-945, 1983.

[3] B.V. Weber, R.J. Commisso, G. Cooperstein, J.M. Grossmann, D.D. Hinshelwood, D. Mosher, J.M. Neri,
P.F. Ottinger, and S.J. Stephanakis, "Plasma erosion opening switch research at NRL," IEEE Trans.
Plasma Science, vol. PS-15, no. 6, 1987; see also Reference [7].

[4] G.A. Mesyats, S.P. Bugaev, A.A. Kim, B.M. Koval'chuk, and V.A. Kokshenov, "Microsecond opening
switches," IEEE Trans. Plasma Science, vol. PS-15, no. 6, 1987.

[5] J. Thompson, P. Coleman, R. Crumley, C. Gilbert, D. Husovsky, P. Melcher, W. Rix, K. Robertson,
R. Ingermanson, D. Parks, and E. Salberta, "Downstream power flow study of microsecond conduction
time plasma opening switches on ACE 4," in Proc. 10" IEEE Int. Pulsed Power Conf., Albuquerque, NM,
July 1995, p. 1091.

[6] C.W. Mendel, Jr., M.E. Savage, D.M. Zagar, W.W. Simpson, T.W. Grasser, and J.P. Quintenz,
"Experiments on a current-toggled plasma-opening switch," J. Appl. Phys. 71(8), p. 3731, 1992.

[7] R.J. Commisso, P.J. Goodrich, J.M. Grossmann, D.D. Hinshelwood, P.F. Ottinger, and B.V. Weber,
"Characterization of a microsecond-conduction-time plasma opening switch," Phys. Fluids B 4 (7), pp.
2368-2376, July 1992.

[8] P. Sincerny, S. Ashby, K. Childers, J. Goyer, D. Kortbawi, I. Roth, C. Stallings, J. Dempsey, and L.
Schlitt, "Performance of the DECADE module #1 and the status of the DECADE machine," Proc. 10th
IEEE Pulsed Power Conference, pp. 405-416, Albuquerque, NM., 1995, IEEE catalog #95CH35833.

[9] J.R. Goyer, D. Kortbawi, F.K. Childers, P.S. Sincerny, B.V. Weber, P.F. Ottinger, R.J. Commisso, J.R.
Thompson, and M.A. Babinaeu, "Plasma opening switch research for DECADE," IEEE Trans. on Plasma
Science, vol. 25, no. 2, April 1997.

[101 J.E. Rauch and J. R. Thompson, "The Determination of the Electron Beam Energy in DMI with Far Field
X-ray Measurements," submitted to the Proc. I 1h' IEEE Int. Pulsed Power Conf. (1997).

-470-



ATOMIC BEAM SOURCE FOR ION DIODE DIAGNOSTICS

B.A. Knyazev, W. An*, H. Bluhm*, L. Buth*

Novosibirsk State University, Novosibirsk, 630090, Russia
*Forschungszentrum Karlsruhe, Postfach 3640, D-76021 Karlsruhe, Germany

ACTIVE STARK SPECTROSCOPY

The quality of beams generated with high power electron and ion diodes sensitively de-
pends on processes in the diode accelera-
tion gap. Although passive spectroscopy
allows to study many of the details of
light-ion diodes (see, e.g. [1]), ions suit-
able for spectroscopy are often not present
in sufficient quantities inside the gap. Ac-
tive spectroscopy based on local laser

A;. *, d. _resonance excitation of an atomic beam
injected into the diode has already been
successfully applied in electron diodes [2]
and may also be used as a diagnostic tool
in ion diodes [3]. To study an ion diode
we suggest to inject a lithium atomic

dye laserl-]- probe beam.
- !Recording the intensity and wave-

. . length of Stark-split line components with
an optical multi-channel analyser, one can

S. .measure at any chosen point (or along a
Smkt-.... ,o0 line of sight) the electric field magnitude

Fig. 1. Setup of the atomic probe beam diagnostic on KALIF and direction, as well as the position of
the ion emission surface. The analysis of

existing experimental data [1] on Stark splitting of lithium atoms in strong electric fields, and
estimates of the field ionization limit [4], as well as the availability of suitable tuneable
broadband dye lasers, led us to select the 2s-2p-3d cascade transition (for the Grotrian dia-
gram see Ref. [3]) for the experiments on the KALIF ion accelerator [5], where the field does
not exceed 4 MV/cm. These transitions should be populated to saturation by two dye lasers
with wavelengths of 671 and 610 nm. The spontaneous emission from the 3d level split in
the electric field has to be recorded with a polychromator and a detector system with high
temporal, spatial, and spectral resolution. Fig. 1 shows the schematic set-up of the diagnostic
system on the KALIF. 40 ------

The calculated Stark splitting of the 3d-2p
lithium line is presented in Fig. 2. Experiments : 20

[6] have demonstrated that one can obtain a 0
bandwidth of up to 3 nm from flashlamp pumped
dye lasers, which seems to be sufficient for the ' -20excitation of one of the groups of the split com- 1 '

ponents. One can see that the two upper compo -6 .40
nents allow to measure fields as low as 0.2 to 0 1 2 3 4 5

Eectric field, MVIcm1.0 MV/cm, whereas the higher field values can
Fig. 2. Stark splitting of the 3p-3d Li-line.
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be determined by recording the lower component. Transitions in the red spectral range can
easily be saturated by radiation with very moderate spectral power density (of the order of 1
kW/cm2 .nm) [3].

ATOMIC BEAM PRODUCTION BY LASER EVAPORATION

The atomic and laser beams injected into the diode should not disturb the diode opera-
tion. Since the background gas density in the diode is around 10 11I1012 cm-3, an atomic beam
with a density of up to 5.1012 cm"3 will not affect the diode performance. We suggest to use a
very narrow rectangular ("slab-like") atomic probe beam. If this atomic slab is excited to satu-

PM Filter ration by resonant laser radiation perpen-
670.8nm dicularly crossing it (like in Fig. 3), sponta-

Utarget neous fluorescence of the split components
can be collected from any side of the beam

- - - - - - -- without any self-absorption.
!I .The atomic beam with a rectangular

cross section can be formed by passing the
. •expanding vapour cloud -produced by laser

• .~ ablation- through a distant narrow slit. Since
the slit can not be positioned closer than

r)'" - OMA-deteklor 10 cm to the observation point, the thickness
of the slab (more likely to be a "wedge")

Fig. 3. Schematic of an experiment on lithium beam for- and its atomic density are strongly depend-
mation with a short-pulse Nd. YAG laser. Here the reso- y g y he
nance fluorescence from the 2s-2p transition was excited ent on the distance L from the Li target, the
with a JO-ns pulsefrom a tuned dye laser. number of evaporated atoms and the cloud

diameter at the point when it becomes colli-
sionless. In addition, further obvious requirements are a low ionization degree of the cloud
and a high efficiency of evaporation.

It is clear from the above, that the best choice corresponds to an "optimum power den-
sity" Fop, of the evaporating laser, which is achieved, when the energy deposited in the heated

volume is matched by the energy required to vaporize it: Fo,0P/ Hp = r,,,. Here,6 = v is

the heating depth in the target; K" [cm 2/s] is the thermo-diffusion coefficient; C [s] is the laser
pulse duration; H [J/g] is the specific vaporization energy and p [g/cm 3] is the target density.
One can see that for a given material the condition for optimal evaporation will be satisfied

for a constant product of Fo,-Vfr [J/cm 2s1/2]: Fo,, = Hpf-.1.

On the other hand, assuming uniform semi-spherical expansion of the vapor, one can es-
timate the atomic density in the diode as n,,=3N/2;rL3 . Since N=Sp6/mpA (A is the atomic
number, S is the laser spot size, and mp is the proton mass), the properties of the laser beam,
the atomic beam, and the target are related by the expression

A 2;r / 3, mSpA•ý
S-Hr - nŽ L or--,•l nor (ir) - 3SVt-rrP

3, or 2)rL3Ma A

The longer the laser pulse length, the less is the evaporation area and the distance where the
cloud becomes collisionless. In other words, for a pulse sufficiently long the effective trans-
verse dimension aff of the atomic source can be assumed to be a narrow band. Figure 4 shows
the atomic beam density (that is proportional to the laser energy) vs. the laser pulse duration
(without the collimating slit).
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-3 I I I I 1 1. . .n,cm 1 Q - E,J For example, to obtain at a distance of 1 m

Slilt'.II! a densityofl.10' 3 cm-3, 5 J of laser energy has to
S -• 5 be deposited into the target. Coming along the grid

S.-- line, we see, that this can be achieved with a laser
12 - pulse length and an irradiated area of respectively

10 0.80. = 0.5 0L=0.6 oiS, S=0.6x2 cm2, rL=I.6 pts, S=0.4x2 cm2 ,

- - - • or rL=5 Its, S=0.2x2 cm2 . These simple estimates
0.2 - - show that to obtain an atomic source with a small

T, sec effective transverse dimension, a flashlamp

10 10 104 1( dye-laser is an adequate choice, because the re-
Fig. 4. Density of the lithium vapor cloud (which is quired energy and the pulse length are close to the
proportional to the required laser energy) as a "natural" characteristics of these lasers.
function of laser pulse duration for different evapo-
ration areas.
LIFETIME OF LITHIUM ATOMS IN THE DIODE

1.00- t-25n, flA critical point of this diagnostic

is the lifetime of the probe atoms in the
S \t=50 nsec gap. The lithium atoms can be ionizedom - by accelerated protons in the processes

of single, double, and transfer ionization.
" t70 nsec Cross-sections of these reactions as a

function of proton energy are given in
the papers [7-10]. The number of lost at-

04- 1 1 1 , , omsAnb in the gap is
0.00 2.00 4,00 6.00 1100

Coordinat, across the gap nb (t)W a(U(t,z)) 0(t) dt ,

Fig 5. "Burn out" of lithium atoms in the diode gap. ob(tIZ) = S e

where a is a sum of the partial
cross-sections. Assuming an anode-cathode separation of d-8 mm; and an anode area of 200
cmz we calculated nb (t, z) = nbo - Anb (t, z) for a characteristic proton beam current I(t) and a
diode voltage U(t), assuming for simplicity a linear increase of ion energy the diode gap. One
can see (Fig. 5) that for the conditions in the KALIF ion diode the lifetime of the probe lith-
ium atoms in the ground state is longer then the duration of the diode pulse. Although infor-
mation about ionization cross-sections of excited lithium atoms by collisions with protons is
absent, one can expect that, by analogy with Na(3p), ionization cross-sections for Li(2p) and
Li(3d) will be two-three times larger then for Li(2s). Thus the "bum-out time" of lithium at-
oms inside the saturating laser field in the gap may be somewhat less than inferred from Fig.
5, but even in this case the number of atoms remaining will be sufficient to be detectable.

PRELIMINARY EXPERIMENTS

For the development of the laser-driven atomic-probe-beam diagnostic described above we
have performed two experiments. The first experiment, which was performed at the KALIF
site with an available 60-ns, 0.7 J Nd:YAG laser (S=0.08 cm ,- non-optimal conditions!), was
directed to gain experience with the generation of a lithium atomic beam and to record the
resonance fluorescence with reasonable time resolution. The measurements were performed
by exciting the 2s-2p transition in the lithium atoms with the help of a 10-ns, 50 tJ dye laser.
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These experiments (see Fig. 1 and 3) were performed for the real geometry at the KALIF site
using regular diagnostic instruments and the acquisition system, but without operation KALIF

itself A Lithium beam with a density of 5.109
cm-3 was obtained at a distance of 61 cm from

6,002.009

the target and with a 2-mm slit aperture placed
downstream at 47 cm. Temporal and spatial

4,OOF.o :distributions of the resonance fluorescence ra-
S3oo•.ooE- diation (proportional to the atomic beam den-

2,OOE.009 sity) were recorded with a PMT- and a photo-

diode-array (Fig. 6). In this experiment the lat-o oDE-ooo eral extension of the Li-vapor cloud was found
0. OOE-000

3 4 5 10 11 12 tobe I n mm.
Fig. 6. Distribution of Li-bem density recorded with This value was in good agreement with
aphotodiode array, the expectation. For a further full-scale ex-

periment on KALIF a 3 us, 3-5 J coaxial flashlamp pumped dye laser is developed at the No-
vosibirsk State University. It is expected that an atomic source created by this laser can de-
liver a slab-like beam of S=0.2x2 cm2 cross section and with a density of na=6.10 12 cnf 3 in
the diode. The anticipated signal from the resonance fluorescence radiation in the diode at
saturation of the lithium 3d-level can be estimated from the following equation

No = na •(-n A32  - At. A V photons

For na=10 13 cm"3, n3/na=0.3, A32=0,7. 108 s-', D2=-1/50, At=2 ns, AV=0.2x2xl mm3 the num-
ber of photons emitted into the solid angle of the optical system is NO=2.7 105. This value
seems to be rather reasonable and can be detected with the existing instruments. The prelimi-
nary experiments at the KALIF site show that even an atomic beam with a density of _1012

cm-3 will be sufficient for the measurements.
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INTRODUCTION

In typical high power ion diode configurations it is highly beneficial to use spectro-
scopic methods for measurements. For example, Y. Maron et al. [1] used a "passive" Stark
spectroscopic technique for the first direct measurements of the electric field distribution in a
magnetically-insulated aluminum ion diode. Recently, similar experiments were carried out in
the ion diode of the PBFA-II accelerator [2]. The Stark shift of the 3p level of lithium in elec-
tric fields up to 10 MV/cm was determined in these measurements by "semi-active Stark
atomic spectroscopy", i.e. - without resonance laser excitation of atoms, but with self-injection
of probe "charge-exchange" atoms from the partially ionized anode plasma layer into the diode
gap. These experiments provided the first detailed investigation of ion diode acceleration gap
physics in a multiterawatt pulser, and the first observations of Stark shifts in a 10 MV/cm field.

Work by Knyazev et al. [3,4] used an active measurement method in order to obtain
truly local electric field measurements instead of along a line of sight (as in Refs. [1] and [2]).
They measured the electric field in the 6-cm diode gap of the U-1 electron-beam accelerator by

-•_Active Stark Atomic Spectroscopy
7 LI KrF Na (ASAS). Probe lithium atoms were in-

N,  jected into the gap and excited step-
6 KrF wise by two resonant lasers. Stark

Rb splitting of a probe-atom spectral lineRubyR N2 enables a calculation of the electric
4. field with high time and space resolu-

3 dd'-' tion. Since the probe atom density is3 4s_ - less than the density of the background

2 KrF gas, this technique will not disturb the
2P.3p diode. However, high sensitivity is

. /provided by using resonant broadband

0 .2s 3S 3p laser excitation to saturate the popula-
Fig. 1. Atomic transitions of lithium and sodium which can be tion of the upper level of transitions of
used for measurement of Stark splitting in high-voltage diodes. interest (see Fig. 1). These experiments
Bi-directional arrows indicate transitions excited to saturation enabled a direct measurement of the
by laser radiation. The bars give the photon energy of lasers electric field strength at a definite point
that can be used for photoionization of excited atoms. in the diode (where the laser and probe

atom beams intersect), as a function of time during a 6 ps, 1 MV voltage pulse. The electric
field strength measured in these experiments was 200-300 kV/cm, and the cathode and anode
emission surfaces were located as a function of time.

The ASAS diagnostic method can be applied to an ion diode with the obvious require-
ment of using probe atoms different from the ions being accelerated. For example, in a lithium
ion diode it is reasonable to use sodium atoms in the probe beam. The features of the ASAS
diagnostic technique with sodium atoms are practically the same as with lithium atoms, and so
a separate description is unnecessary here.
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LASER-DRIVEN PROBE-ION DIAGNOSTICS

The ASAS diagnostic method can be turned into a combined spectroscopic and particle
diagnostic by crossing the atomic beam with three laser beams, as illustrated for a magnetically
insulated diode in Fig. 2. The atomic beam and two laser beams intersect along a line between
the cathode and anode in the diode, from which comes fluorescence from the upper atomic
level (which is collected by a lens that is not shown in the figure) as a result of the lasers excit-
ing the atoms. Ions resulting from photoionization of the excited atoms by the third laser are
also produced. We refer to this diagnostic technique as a Laser-driven Atomic-probe-beam Di-
agnostic (LAD).

As in the ASAS, the fluorescence is imaged on the input slit of an optical multi-channel
analyser. The distribution of Stark splitting along z-axis (i.e. - between the cathode and the an-

exciting laser atomic probe beam ode) is recorded by a gated frame
beams! camera at the output of the analyzer,

which gives the electric field distribu-
tion across the diode at a specific time

cathode as previously discussed [3]. If the
anode sheath third laser is focused onto a specific

Sbulk Ion point of the excited atomic beam, the
beam photoionized probe atoms can be

monitored as they leave the diode. By
anode measurement of their energy, one can
layer•probe ion determine the potential at the point of

beam ionization. Measurement of the diver-
cathode gence of the probe ions, which start at

-- Ionizing laser bea assembly different distances from the anode,
Fig. 2. A sector of the ion beam diode is shown which illustrated could enable a determination of the
the method of obtaining spectroscopic data (the lens collecting location of sources of the ion diver-
the fluorescence is not shown in the figure) as well as charged gence. We refer to this diagnostic
particle probe data. method as Laser-driven Probe-Ion

Diagnostic (LPID). We point out that a thin, rectangular cross-section atomic probe beam
crossing laser beams at close to a right angle would be the best configuration for spatial and
temporal resolution for this (Fig. 3). In this configuration, the excited state population can be
saturated along the laser beam path, but there is no problem with the self-absorption of the
resonance emission by the surrounding non-excited probe atoms [5]. Furthermore, when the
directions of excitation and observation are almost normal to the beam direction, one may ig-
nore the Doppler-effect. A technique for formation of a slab-like atomic beam is described in
ref [6].

EXPERIMENTAL CONFIGURATION

The key points in the LPID are (i) the selection of probe atoms, (ii) the choice of the
ionizing laser, and (iii) the technique of measurement of the probe ion characteristics. Since the
probe-ion time of flight out of the ion diode has to be much less than the voltage pulse duration
(or, at least, comparable with the time of flight of the bulk ions), the set of available probe at-
oms is limited to a few low-mass elements having resonance transitions which can be excited
by available lasers to levels with a photoionization threshold less than the photon energy of the
ionizing laser. Only three elements, lithium, sodium and, possibly, boron, whose partial Gro-
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trian diagrams are shown in Fig. 1, meet these requirements. The time of flight of an ion which
has been produced at a distance Az=d-z from the cathode is

r2Am (Az) 2  A(Az) 2 [mm]

S eU(z) =)0.144 U--- M J] [ns].

where A is the atomic number, U is the potential at this point at a particular time, and d is
the anode-cathode separation. For U=1 MV and Az =5 mm, the time of flight for H+ is 0.7 ns,
Li+ - 1.9 ns, B+ - 2.3 ns, and Na+ - 3.5 ns. Thus, lithium and boron can be used as probe ions
in proton-beam diodes, and boron and sodium in lithium-beam diodes. Saturation of the probe
atom levels requires the laser spectral power density

js()_14"i04 [1.4 kW ]
[C5 .n -nm'

which can be obtained easily with conventional flashlamp-pumped dye lasers. Levels of interest
for the ASAS technique in the electric field range from 0.1 to 10 MV/cm are the 2p, 3s and 3d
states for Li, and 3p, 5s and 3d states for Na. We will assume that the same excited levels are
used for production of the .probe ions. For production of probe ions an appropriate additional
laser can be used to photoionize these levels. Lasers with low-energy photons (e.g. - ruby and
neodymium) can ionize highly-excited atoms only. UV lasers (like KrF or N2 ) can ionize the
atoms excited to lower levels. The photoionization cross-sections for atoms with one valence
electron can be determined from formula

Anode Anode plasma 100 kA 1 MV proton beam -18
u iparameters 910h 5Atomic probe beam ::h I [cm],

Cathode ionizing laser neff

sheath pulse where neff is the effective principal
prbenaion quantum number. A power density ofgeneration

100 t,,ns laser radiation FL, which is necessary
for photoionization of probe atoms

L )/ T during the time ri required for com-
Zý E -plete ionization atoms in the irradi-

B .+ ated volume, can be determined from
Ionizing Diaphragm Expanding vapors the expression

laser zf 2 1. 10'9 [eV]
beam Thomson spectrometer "Ti [ns]. FL [LGWI (cm2 ] h [cm]

Fig. 3. Schematic of Laser-driven Probe-Ion Diagnostic.
Alternatively, it is possible to pho-

toionize Rydberg states of alkali atoms in a high voltage diode with intense UV radiation [7] or
to use two-step near-resonance interaction of KrF laser radiation with boron- see Fig. 1).

As a specific example, we assume a 2-MV proton diode with electrode separation of
about 5 mm. An atomic lithium probe beam of width 0.2 mm with a density of 1012 cm-3 is in-
jected into the diode. Radiation of the ionizing laser is focused to an area S=0.01 mm 2 at the
atomic beam and produces (see the inset in the figure) probe ions by photoionization (see Fig.
3). This radiation does not affect the bulk ions or the background atoms. To achieve the high-
est sensitivity and excellent time resolution, the laser beam intensity has to provide complete
ionization of probe atoms during its pulse length. The required energy is

1.6.10-19h) [eV] TLS
ap. [cm2] T
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5 The 3d state of Li can be ionized by a
` ," 'Li+ U,MV + b 1-mJ ruby laser (20 ns pulse dura-

++ 0.25 . . . . tion) within fph=l us.
3 -0.25- ___ 3 An advantage of the LPID is the ca-

" -- 2 pability to measure probe beam di-

H .0.5 LI1 vergence without any material colli-

a 1% 4ý ý12 mating holes and slits, because the
m,0 1 0 probe ions can be produced in the di-

v4 , m 2, m2 ode in a small volume. That enables
Fig. 4. Expected ion traces on the detector of a Thomson spec- the use of a Thomson spectrometer
trometer: (a) proton diode and lithium probe ions with a=5 cm, with a large input aperture. Material,
1=30 cm, aE=7-10 4 V, aB=l.10 4 G-cm; (b) lithium diode and so-
dium probe ions with a=10 cm, l1=30 cm, aE=7.104 V, aB=3. 104 evaporated by the bulk ion beam and

G-cm. We assumed input hole diameter of 3mm, and a diver- expanding into the hole, which usu-
gence of the bulk beam of 15 mrad. See Ref. [81 for a complete ally disturbs measurements of energy
description of this diagnostic. and divergence, does not cover the
aperture before the probe ions come through the hole. The bulk ions, as well ions of anode
contaminants, are recorded during the full pulse as thick parabolas, whereas the probe ions, lo-
cally produced during a short time produce a small spot. The position and dimension of the
spot on the corresponding parabola enables a determination of the potential at the point the
probe ion is produced, along with its divergence. An example of the ion traces that might be
seen with a Thomson spectrometer, recorded with either CR-39 film or a gated microchannel
plate amplifier with scintillator, are shown in Fig, 4. Estimation shows that for the conditions
specified above, the probe ions can be easy detected. Thus, a combined spectroscopic and par-
ticle diagnostic could make it possible to study the electric field profile in an ion diode while
measuring the extracted ion divergence at the same time, both with excellent space and time
resolution. It would be very reliable because a probe ion signal will be obtained only when the
atomic probe beam, the exciting laser(s), and the ionizing laser are "switched on". The absence
of any of them excludes appearance of a useful signal. For this reason the LPID can be classi-
fied as a "triply active" diagnostic.
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INTRODUCTION

During the recent 20 years VNIIEF has been studying compression of liners accelerated
under the effect of pressure of superpower azimuth magnetic field formed by powerful
explosive magnetic generators (EMG).

The research is carried out in application to create the sources of soft x-rays of a
megajoule level and to obtain hot thermonuclear plasma.

During the experiments condensed (speed - 10 km/s) and plasma liners (at speeds up to
some tens km/s) have been studied.

To measure the dynamical characteristics of the liners (speed, longitudinal and angular
asymmetry etc.) various probes were developed: electrocontact, light, manganin, piezoelectric,
inductive [1-5].

In the report the examples of use of these probes in the experimental studies of condensed
and plasma liners compression are presented.

PARAMETERS TO BE MEASURED AND PROBES

EMG parameters. In all the experiments with the use of explosive magnetic generators
working for liner loading, the measurements of current growth speed in a generator are
conducted as well as of azimuth symmetry of magnetic field under the effect of which the
liner acceleration takes place. For this purpose the inductive probes are widely used arranged
to a certain scheme in transmitting lines of the experimental device.

Liner parameters. Before the experiment the initial liner characteristics are measured
which influence its dynamics: liner diameter and liner thickness, variations in thickness and
section, inner and outer liner surfaces machining cleanness, liner material density.

During the experiments the following characteristics are measured: the speed of liner in
the process .of initial acceleration and at final stage of acceleration, azimuth (angular) and
longitudinal (along load axis) symmetry of liner flight up to a symmetrical central
measurement unit (CMU).

For these purposes light, inductive, piezoelectrical, manganin and electrocontact probes
are used.

The liner's state of aggregation change during the process of its acceleration (e.g. its
electroexplosion) and quality of electric contacts of liner with side current conducting walls
are controlled with light probes and also with inductive probes recording magnetic field
penetrating under liner by means of measurement results comparison with
magnetohydrodynamic (MHD) calculations.
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Liner state at its impact on CMU is determined by shock wave speed and by pressure
value in the CMU body. For these purposes the appropriate electrocontact and manganin
pressure probes are used, and also numerical simulation of the liner impact on CMU
(including two dimensional simulation).

Inductive probes. We use inductive probes [1] to measure a derivative of current
flowing along the liner, to measure magnetic field penetrating under the liner because of this
field diffusion through the liner or as a result of bad contact of liner with side current
conducting walls, and also to measure the liner speed and symmetry at the stage of its
acceleration.

Probes for liner speed and symmetry measurements are arranged in a side current
conducting wall on different radii and azimuth angles. The probes produce signals as liner
passes close to them (react to strong growth of magnetic field behind the liner).

The probe consists of a frame on which the coil is wound of one or more turns of
insulated wire diameter 0.05-0.2 mm. The frame with the coil is placed into dielectric body
(acrylic plastic, kaprolon, or quartz tube ) and potted with epoxy compound. The probe output
leads are twisted and soldered to coaxial joint and additionally insulated from the body with
polymeric tube. Probe area is usually with in the limits from I to 100 mm2 .

Piezoelectric and manganin probes. Piezoprobes [2] and manganin probes [3] are used
to measure speed and liner movement symmetry in the process of its acceleration. Probes are
situated on side current conducting walls and react to pressure impulse, taking place in the
wall after the liner passing the area of probe location. Piezoprobes are used by us only as time
recorders. Manganin probes are used both as time recorders and as pressure probes.

Piezoprobe consists of piezoelement and dielectric body, insulating the probe from the
body of the device, which can be under high voltage in relation to recording techniques.

Manganin pressure probe consists of manganin wire 0.05 mm thick which is bifilarly
placed in the plane and soldered to output leads made of copper foil. The wire with the output
leads is coated with thin film insulation. Outside there is metal or dielectric body.

Electrocontact probe. Electrocontact probes [4] are used to measure the speed and
symmetry of the liner on the final stage of the flight, and also to measure mass speed and
speed of shock wave taking place in CMU body at liner impact on it. Constructive schemes of
the probes may be various. Probe shorting can be done either with liner itself or metal screen
which protects the probe.

Light probes. Light probes [5] are used to measure liner speed and symmetry,
shockwave speed in CMU body taking place at liner encounter with it, and also for light
effects recording which accompany the flight of a liner (liner electroexplosion, light radiation
from contact boundaries of liner with side currentconducting walls). The probe consists of a
light guide and a body in which it is fixed. A shock-type probe differs from an open-type
probe by presence of an opaque protective shell and some space between light guide and the
shell filled with air or argon. The open-type light probe (as a rule collimated; view angle is
limited with - 60) is installed either on the side wall (to measure speed and symmetry of the
liner on the stage of acceleration) or on CMU and is directed at a researched liner area. Shock-
type probes give out light flash at the liner impact or the effect of shockwave.

STANDARD CHART OF PROBES ARRANGEMENT IN EXPERIMENTS WITH
LINER

Figure 1 shows a generalized standard chart of probes arrangement in the liner
experiments (1-liner, 2,5,7-inductive probes, 3-current conducting electrodes, 4-light probe, 6-
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piezoelectric and manganin probes). In each specific experiment a special probes chart was
used, which differed from the given one in presence or absence of separate types of probes,
their quantity and arrangement.

TYPICAL RESULTS OF LINER PARAMETERS' MEASUREMENTS

We'll try to illustrate the application of the discussed probes with measurements results
obtained in different experiments.

Figure 2 presents the oscillogram of current derivative flowing along 060 mm and 0.2
mm thick liner and oscillogram of current derivative that flows under the liner and is related

3A
Figure 1. Generalized standard chart of probes Figure 2. Oscillogram of current
arrangement in liner experiments, derivative (above -1 and under-2

the liner).

with an electric explosion of the liner. Current along the liner in this experiment achieved 35
MA at the maximum current derivative 35 MA/tsec and the maximum current derivative

under the liner at the moment of electrical explosion
achieved 1,3 MA/jisec. The maximum speed of a
1-gram liner achieved 47 km/sec.

Figure 3 shows photochronogram of the liner
speed recording by means of two groups of light
probes installed on the external current-conducting
wall at different radii. Liner speed was 22 km/sec.

Figure 4 presents the results of symmetry
Figure 3. Photochronogram. measurements of 060 mm aluminum liner flight up to

the central measurement unit obtained by means of
electrocontact probes. Maximum azimuth time

difference of the liner flight up to the radius of 5 mm was 50 nsec, and the longitudinal one
was 44 nsec.

Figure 5 shows the results of the experiment with the aluminum liner 0480 mm and 4
mm thick. Here the data are presented, obtained by means of inductive probes, for current
derivative flowing along the liner (1) and the signals from piezoelectric (2, 3) manganin (4, 5)
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Figure 6. The results of measurements of the
shockwave speed by means of
electroconduct probes.

and inductive (6, 7) probes recording the moments of liner flight past the places of probes
installation. The analysis of data from the inductive and piezoelectric probes showed that the
liner average speed at this section of acceleration was 7.2±0.8 mm/pisec.

Figure 6 presents the results of measurements, by means of electrocontact probes, of the
speed of shockwave appearing in the CMU body, made of steel, at the impact on it of the
aluminum liner having the speed of -8 km/sec. Shock wave speed was 9-10 km/sec.

CONCLUSION

The presented experimental data testify, that the developed probes system permits to
determine basic dynamical parameters of the implosive liners.
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ABSTRACT

A novel scheme combining interferometer and refractometer for simultaneous plasma
density and plasma density gradient measurements is described. The scheme employs a ribbon
laser beam obtained from one-dimensional laser beam expansion by a pair of cylindrical
lenses. This beam shape allows measurements at several spatial locations simultaneously. The
beam deflection measurements give additional important information on the spatial
distribution of plasma density gradient in the direction perpendicular to the major axis of the
expanded beam. Fast pin photodiodes are used as light detectors for temporal resolution better
than 1 ns. The high power (700 mW) of the argon ion laser allows 0.10 phase resolution and
simultaneously 0.1 mrad refractional deflection angle.

INTRODUCTION

Laser interferometry is a plasma diagnostic method allowing direct measurements of
plasma electron density [1-5]. The method utilizes the effect that the plasma index of
refraction is dependent on the density of free electrons. The variation in the index of refraction
is similar to change of the scene laser beam optical path length, resulting in a phase shift.

The index of refraction of a plasma for high frequency electromagnetic wave is
determined primarily by free electrons. Free ions and neutrals can also cause the change in the
index of refraction, but their influence is lower and can be often neglected [6].

A frequent question, discussed in papers dedicated to laser interferometry [4,5], is the
influence of laser beam deflection in plasmas with density gradients on the accuracy of the
measurements. The deflection of the laser beam in the plasma changes the contrast of the
fringe pattern due to unparallelity of the wavefronts of the recombining scene and reference
beams. Other reasons of the contrast change like the lens aberrations and the dependence of
the reflection coefficient of optics on the beam incident angle can also be important. Since
many optical parameters play roles, the exact calculations or measurements should be made
for a particular interferometer scheme. The problem of beam deflection influence onto
accuracy of interferometer measurements can be solved if deflection angle is measured
simultaneously with the phase shift.

EXPERIMENTAL SETUP

The diagram of the interferometer-refractometer is shown in Fig. 1. The device is based
on the Michelson interferometer scheme with the beam splitter (BS1) dividing the laser beam
into reference (I) and scene (II) beams, where the latter passes two times through the plasma.
An argon ion laser (NEC 3200, 700 mW at 488 nm) with vertical beam polarization is used
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Fig. 1. The diagram of~interferometer setup plasmas, etc. In principle, the

schemes with higher (lower) expansion factors can be built for other experiments.
An advantage of using an Ar ion laser is that it is one of the most powerful dc light

sources in the optical wavelength range. Such lasers have good power stability and acceptable
coherence length and bandwidth. The output power of 700 mW reduces the requirements to
the elements of the optical scheme: lenses, mirrors, etc.

The scene beam of the interferometer is reflected from the mirror (M2) and passes
through the vacuum chamber equipped with two quartz windows. The lengths of the reference
and scene beams are similar, to achieve high fringe stability in time. Both beams recombine at
the beam splitter-BS 1 forming the fringe pattern of the size of expanded laser beam. Fine
adjustment of the optical elements is necessary to make the fringe amplitude approximately
similar in the whole interferometry field. A narrow bandpass (60% transparency at 488 nm
center wavelength, 0.5 nm FWHM) filter is used to avoid false signals due to plasma
luminosity, which are large if no filter is used. The second beam splitter (BS2) splits the laser
beam to the interferometer and refractometer arms of the device.

The interferometer arm (horizontal in Fig. 1) has a cylindrical convex lens (L3) with focal
length of 50 mm for one-dimensional horizontal beam focusing. The fringe pattern formed at
BS 1 and passed through L3 is captured by array optical fibers. The output ends of the optical
fibers are placed into a shield room allowing noise free signals at the multichannel light
detection scheme.

The refractometer arm (vertical in Fig. I) uses the fraction of the fringe pattern reflected
from the beam splitter BS2. It consists of a wire (2 mm in diameter) and cylindrical convex
lens L4 (f = 100 mm) focusing the beam onto an array of fibers similar to those described
above. The reference and undeflected scene beam are blocked completely. The refraction in
the plasma due to density gradients results in deflection of the scene beam, so it partially

misses the wire and is focused at the entrance
Plasra density Wire L ns Fiber of the optical fiber. The scheme of the
gradient input refractometer part of the device is shown in

Fig. 2. Since only the scene laser beam can be

Deflection angle deflected by plasma with density gradient, no

Fig. 2. Scheme of refractometer part. fringe pattern occurs in the refractometer
arm. The amplitude of the photodiode signal
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1000 in the refractometer arm is a function of

beam deflection angle. This response
function was measured by a precise rotation

E 10o of the mirror M3 and is shown in Fig. 3.
"The multichannel light detection

scheme is based on the standard Si PIN
E 10 photodiodes (Hamamatsu S5973-01)<

designed for use with optical fibers, with
sensitivity equal to 0.23 A/W at 488 nm.

0.0 0.2 0.4 0.6 0.8 Such diodes have extremely low terminal
Angle (mrad) capacitance (1.5 pF) that enable the

Fig. 3. Response function of the refractometer. measurements with high temporal

Photodiode signal amplitude vs deflection angle. resolution (approximately 50 ns for 1
kOhm photodiode load resistance). Signals

from the photodiodes were recorded with a 1GSa/s HP 54512B digital oscilloscope.
We also tested the scheme where the photodiodes were loaded with 50 Ohm coax cables

and with 50 Ohm oscilloscope input impedance. In these experiments, the temporal resolution
of the scheme is 1 ns and is limited only by the oscilloscope bandwidth, but low signal
amplitude precludes measurements of low plasma line densities, less than 1015 crnm2.

The signals recorded from the array of photodiodes in the interferometer part were
analyzed using the linear approximation of amplitude - phase dependence. A special triggering
unit is used to provide zero fringe phases before a shot.

The interferometer was built for short time scale plasmas in pulsed power systems like
plasma opening switch, z-pinch, electromagnetic launchers etc. For such measurements in fast
plasmas, precise length stabilization in the interferometer arms is not necessary, that makes
the design much easier. The vibration of the optical elements of the interferometer has
characteristic time of several tens of milliseconds, but plasma pulse duration is usually
between 100 ns and 1 ms.

EXPERIMENT

The test measurements were made with a cable plasma gun. The plasma gun was powered
by a 1.2 jiF, 15 kV capacitor. The plasma gun current reached a maximum of 7 kA in 1.2 gs.
Plasma density and plasma density gradient were measured simultaneously in different
locations in the gun plasma. The schematic diagram with laser beam positions is shown in
Fig. 4 (a).

The plasma densities measured in a single shot at the points 1-5 separated in vertical
direction by 2.5 mm (Fig. 4 (a)) are shown in Fig. 4 (b). As expected, no signal was recorded
in the refractometer part because the measured locations lie along the plasma gun axis, where
the plasma density gradient is negligible. This measurement proves also the absence of
measurable beam defocusing by the plasma lens.

The measurements made for points 6-8 separated in vertical direction by 5 mm, 1 cm
from the axis show lower plasma density and the existence of a measurable density gradient.
In these positions plasma has a gradient in the direction perpendicular to the gun axis. Plasma
densities for points 6-8 and gradient for point 7 are shown in Fig. 4 (c). The maximum
refraction angle measured in this experiment corresponds to lV n =2xl 017 cm"3.

The measurements of the fringe contrast versus the deflection angle were made to
understand how beam deflection affects interferometer measurements. The measurements
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1.2 were made similarly to measurements of

refractometer response function and the results
are shown in Fig. 5. It is seen that the deflection

0.8
angle over 0.2 mrad decreases the accuracy of
measurements to the unacceptable level. This
angle was not detected in our experiments0.4 proving the accuracy of interferometer

measurements. The dashed line at the figure
shows the calculated value of the maximum

0.0
0.0 0.2 0.4 0.6 0.8 acceptable deflection angle that is in good

Angle (mrad)

Fig. 5. Contrast of the interferometer versus agreement with the measured value.
deflection angle of the scene beam
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ABSTRACT

The procedure of calibration of the detector assembly consisting of the two Galilieo Micro Channel Plates
(MCPs) operated in a Chevron configuration is described. The current gains and the analog particle gains of the
MCPs for Xe ions with charge states from q = 7+ to q = 43+ and ion impact energies to charge state ratios from
2 keV/q to 154 keV/q have been measured. For the investigated range of an ion impact energies we have stated
that for xenon charge states of q = 7+ up to q = 15+ the secondary ion-electron emission coefficient is dominated
by kinetic emission of electrons. Potential effects start to be visible for charge states above q = 15+.

INTRODUCTION

The micro channel plates are often used as a detectors of X-ray radiation and of the
different kind of particles like electrons, ions, neutral atom, clusters and others. The high
electron current gain of MCPs (up to 107÷108 in three stage configuration), small rise time, tr,
and fall time, tf, (tr+tf <Ins) make MCPs especially suitable for operation in pulse counting
mode. The MCPs are willingly used with the time-of-flight (TOF) analyzers, where generally
work as a current amplifiers. The current amplification G,, can be expressed as the absolute
ratio of the electron current at the output of the MCP - 'out and the intercepted current of
particles, Ip:

=outGc- j1

Ip

In measurements, when the current peaks from a different ion sources (with different charge
states) are registered, it is very convenient to know the analog particle gain, Ga, of registered
ions. The Ga is defined as the ratio of the number of electrons at the output of the MCP, Not,
and intercepted number of particles with the charge state -q, Np (q),:

N out I out (2)Ga -- 2Np(q) Ip(q)/q

In the next parts of this paper we will present the results of calibration of the two stage
Galileo MCP assembly operated in the Chevron geometry [1]. The GQ and Ga gains for Xe ion
with charge states from q = 8+ to q = 42+ and ion impact energies to charge state ratios from
2 keV/q to 154 keV/q will be presented.
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FIGURE 1. Current gains for XeG+ through Xe42+ ions with E/q =2 keV and E/q 154 keV
as a function of MCPs bias voltages.
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FIGURE 2. Analog particle gain as a function of the charge states of registered ions for
different energy to charge ratios: a) - UMcpS = 700 V, b) - UMcpS = 800 V.

EXPERIMENTAL SETUP AND RESULTS.

The calibrated detector assembly consist of the two 0,4 mm thick MCPs with a 19,6 mm
active diameter [1]. The 10 pim diameter channels have a bias angle of 50 and yield an open
area ratio 64%. The MCPs were matched for equal bias currents (3 p.A at 700 V) and were
mounted in direct contact. Details of our experimental arrangement were describe earlier in
[2], in article about the MCPs calibration with argon ions. Beams of xenon ions, with

-488-



the charge states 7 < q < 43 were expelled from the Kansas State University Cryogenic
Electron Beam Ion Sources, KSU-CYBERIS [3], with an initial energy E/q = 3 keV and
analyzed with a double focusing 900 dipole magnet. The energy of selected ion beam was
changed in the accelerator tubes by applying acceleration potential to the high voltage
platform. Finally we have used the Xe ions with energies E/q = 2, 3, 5, 9, 18, 36, 74 and
154 keV. In our measurements the ions were produced with frequency f - 80 Hz, expulsion
time of ion source was 8,5 ms. Time averaged current in time of measurements was changed
between 2-200 pA/cm2. Majority of measurements were done with current of about
10 pA/cm2.

1000 1000

U McPS=7 0 0 V

100 -A--e-Xe4 100
I..� -a -Xe 18+

---- Xe 22+

-.- Xe 26+

,. 0--- Xe 30+

-- Xe 34+
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-*Xe 38+ 10
-- Xe 42+

1010 1 10

Velocity [10 5m/sJ

FIGURE 3. Analog particle gain as a function of the charge states of ion impact velocity:
a) - UMcPS = 700 V, b) - UMcPs= 800 V.

In Fig. 1 the current gains for Xe' 0+ trough Xe42+ for ion impact energies, E/q, of 2 keV/q
and 154 keV/q were shown. For bias voltages of the UMcpS > 800 V (catalog bias voltage for
single MCP is of about 800-1000 V) the current gains deviated from the exponential growth
with increasing voltage [4]. As the rule was, the higher deviation for higher energy per charge
state ratio of incoming ions. The reason of this deviation from the exponential growth is
partial saturation of MCPs. The experimental result obtained for 700 V and 800 V are used
through the rest of this paper as the standard parameters of tested MCPs assembly. In Fig. 2
the analog particle gains as a function of the charge state of registered ions for eight energy to
charge rations, E/q, were shown. Presented relationships were obtained by approximation of
the experimental points by the fast Fourier transform of the Microcal Origin program with
filter frequency m = 5 (FTMO). This method of approximation smooth the processed results
from single fluctuations. The visible small fluctuations of obtained characteristic, for higher
E/q ratios, and for the smallest and the highest ion charge states were caused by the small
fluctuations of the current of used ion source. We suppose that like for the MCPs calibrated
with tantalum ions [5], the obtained characteristics could been approximated by the
exponential shape. Analog particle gains in function of the velocity of registered ions were
shown in Fig. 3. From this figure it is seen that Ga is almost independent on ion charge state
(± 15 %) for ions with the charge states from q = 7 up to q = 14 (15). In this range of ion
charge states, the G, depends mainly on ion impact velocity. This independence of the Ga on
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ion charge states is visible also in Fig. 4a (experimental points were joined by FTMO). In the
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FIGURE 4. Analog particle gain as a function of the: a) charge state of registered ions,
b) potential energy of registered ions.

investigated range of ion velocities the G, rises strongly with ion impact velocity. The analog
particle gains in function of ion potential energy (sum of ionization energies) was shown in
Fig. 4b, for seven selected velocities of ions. Beginning from q = 14, the Ga rises linearly with
rise of the potential energy of impinging ions.

CONCLUSION

The calibrated assembly consisted of the two MCPs is very sensitive detector of highly
charged ions in investigated range of energies, E/q. As a proportional amplifier of registered
current it can work with bias voltage much lower than the typical voltage for MCP
polarization. Analog particle gain (also the ion-electron emission coefficient) rises
approximately linearly with rise of potential energy of registered ions.
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A double-channel spectrometer with multilayer mirror (MLM) [1] has been built and
operated on different experiments: tokamak CASTOR and gas-puff z-pinch at Institute of
Plasma Physic, Prague as a monitor of the hot plasma line emission. Depending upon the
mirror use, the spectrometer allows the low resolution (X/5X=30) spectra measurements in the
wide energy range. Filter transmission as well as the reflectance of the disperse MLM
elements and detector sensitivity were absolutely calibrated by X-ray grazing incidence
monochromator in the considered spectral ranges [2].

The time resolution of line emission measurement of 0.1 ms for low intensity source
(tokamak) and better than 10 ns for gas-puff z-pinch has been achieved.

TIME RESOLVED MEASUREMENTS OF OXYGEN AND CARBON XUV
SPECTRAL LINES OF LOW INTENSITY SOURCE [3,4]

The plasma of the small tokamak represents a low intensity source of ultra soft X-ray
radiation. Sufficiently high signal-noise ratio is required in order to make the time resolved
investigation of the impurities radiation successfully. Fastidious choice of the appropriate
MLM, filter and detector played important role in design and final application of the XUV
spectrometer being used. Relative high reflectivity of the MLM dispersion elemhents together
with the high transmittance of a thin film filters and the high gain of the' channeltron
operating in impulse regime have given a good chance that such a spectrometer arrangement
will be suitable for the time resolved line emission measurements even in the conditions of a
low density plasma. The output signal of the detector - channeltron with XUV radiation to
electrons convector and amplifier-shaping unit - is a sequence of the rectangular "logical"
pulses of the amplitude +5V and pulse duration of 0.5 [ts with maximum rate of 5.10 counts
per second. A statistic feature of a time distribution of the pulses is caused by the low
intensity of the source and by the photon- to-electron converter mounted in the front of the
channeltron.

The output signal is processed by two independent methods:
1) the pulses are counted by a 400-channel counter in time windows following closely each
other. Typically, the time window is 0.1 ms wide in our case. This method was used for the
absolute measurements only.
2) the logical pulses are converted by a passive RC integrated circuit (time constant 1 ms) to
an analogue signal and the latter was recorded by CAMAC acquisition system to a database
together with other the plasma parameters. This method was used for the relative
measurements.
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The time evolution of the most intense lines: OVII doublet (1s2-ls2p, 21.6 and 21.8
detected in the ultra soft X-ray range at CASTOR tokamak is demonstrated in Fig.la, and
Fig. lb for both the methods of the signal processing mentioned above.

TIME RESOLVED MEASUREMENTS OF HIGH INTENSITY XUV NITROGEN
LINES IN A SMALL GAS-PUFF Z-PINCH EXPERIMENT [5]

Soft X-ray emission from nitrogen plasma of a small gas-puff z-pinch has been studied in
the energy reneges 52 - 72 eV and 400 - 930 eV by modified double channel spectrometer.
Each of the two channels consisted from a submicron metallic filter, multilayer mirror and a
PIN diode.

The thickness of used light-tight filters: 0.3 [tm Al and 0.2 gim Fe + 0.2 gim C - was
sufficient to absorb a scattered VUV component of a plasma radiation.

In the region of the energies below 100eV the multilayer mirror Mo/Si (2d=216 A) has beeno

used. The chosen multilayer W-Si mirror (2d=70,5 A,Rrefl=0.03-0.15, dE/E=15-30eV) covers
due to the smooth spectral dependencies of the scattering factors of W and Si up to K-edge of
Si (1.84 keV) a broad energy range: 450-850 eV.

The spectral sensitivity of the silicon PIN diode SPPD1 1-04 from the N I I I T, Moscow
equipped by 0. 1gm thick Al input window (dead layer 0.15 [im, sensitive layer 76 gim) varies
from 0.003 to the maximum value of 1.35.10.2 A cm2/W in the energy range of interest. This
silicon PIN diode has time resolution 1.4 ns. The spectrometer was placed radially from the
pinch discharge. The distance from plasma to the detector was 1210 mm.

Another silicon PIN diode and a bare x-ray diode (XRD) with an Al photocatode covering
efficiently a spectral energy range 4.2-250 eV were situated radially from pinch as a
monitors.
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The emitted spectral power density into solid angle 47t sr is then given by formula

dP 'PIN * 4r VL2

dE YF(E)*I?(E)* SPIN(E) [~V

where TF(E) is average filter transmission in the chosen channel within energy interval dE,
R(E) is integrated reflection coefficient of MLM in eV, SPIN(E) is average PIN diode
sensitivity within dE in A.cm2/W, L is source-to-MLM-to-detector distance in cm, and IPIN is
detector current in A. The maximum error in the dP/dE determination is connected with the
accuracy of the values T,R,S,L, and with an alignment of the channel. In our case the error of
dP/dE values did not exceed 27%.

Fig. 2: The raw signal in the L-
shell lines region

4 -silicon PIN diode monitor

3 -signal of the Li-like Nitrogen
line, 59 eV

-plasma discharge current

. - ! 2 -signal of bare x-ray diode with
.. Al photocathode

200 nsidiv

4• Fig.3: The raw signal in the K-

- .shell lines region

4 -silicon PIN diode monitor

3 -the radiation in the region in-
S.. between of the H -like N itrogen

lines(5Oi*V) and (590 eV)

-plasma discharge current

.2, ........ .......... . •:. , 2 -signal of bare x-ray diode with
f,__________________________ Al photocathode

200 nsldiv

The raw signal of the Li-like Nitrogen line 2s-3p (59 eV/210 A) is shown in Fig.2 (trace 3).
There is seen a clear coincidence between XRD monitor (trace 2) and line response related to
the L-shell transitions (trace 3). The signal of the radiation in the region in-between of the H-
like Nitrogen lines Is-2p (500 eV/24.8 A) and is-3p (590 eV/21 AS) is demonstrated in Fig.3,
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(trace 3), together with signals of XRD (trace 2) and PIN diode(trace 4) monitors. Note the
second peak of Nitrogen K-shell emission is caused by local pinching of the hot plasma
several hundreds nanoseconds after the first peak in some unstable z-pinch discharge
regimes.

IMAGING HIGH-THROUGHPUT ULTRASOFT-X-RAY MONOCHROMATOR

Within the past few years, the technology of curved multilayer mirrors for ultrasoft X-ray
focusing optic had some application that further increased the potential of MLM based
spectroscopy , that nowadays allows:
* detection of the weak intensity lines,
* imaging of the weakly plasma emanation regions.

We propose to initiate a development programme in ultra soft X-ray optics, which finds an
application in fusion research. The first step should be the built up of a high-throughput XUV
monochromator based on spherical multilayer mirror for time and space resolved
measurement. The next step would be an application of curved multilayered mirrors to form
image of relatively large volume of a hot plasma onto a one/two dimensional detector array.
Such project starts in IPP Prague now.
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Abstract
In the article opportunities of application of compact pulsed power generator for medi-

cal diagnostics complex are considered. The converter placed behind the test object is irradi-
ated by a short-duration packet of nanosecond X-radiation pulses. This operating mode of the
apparatus is made feasible by using a high-voltage generator and an X-ray tube that permit
attaining an X-radiation pulse duration of- 10.8 s, a value which is well below the duration of
the return motion of the videocamera frame scanning beam (- 2* 10-3 s) at a pulse repetition
rate of 10 kHz. Using highly intensive nanosecond X-radiation pulses has enabled us to ob-
tain the highest intensity of luminescence of the luminophor as the intensity of luminescence
is known to be proportional to the ionization rate of luminescence centers or to radiation
power. We have obtained results on tests of an apparatus with a high-sensitivity CCD camera
affording in the X-ray image a gray-color gradation level of 65536.

Introduction
The utilization of nanosecond pulsed X-radiation sources to visualize optically dense

media dates back to the early forties. But only with the advent of all-solid-state generators
producing X-radiation pulses of supershort duration (10 to 15 ns) by means of semiconductor
opening switches (SOS) based on the effect of current interruption in semiconductor struc-
tures, discovered by researchers of the IEP, has it been possible to attain a good reproducibil-
ity of results as well as to form X-ray images by a train of pulses following at a rate of up to
10 kHz rather than by a single pulse. That research and development effort provided a basis
for creating a variety of electron accelerators and X-ray generators [1, 2]. The present paper
considers one of such generators, which was pioneered in 1995, [3].

Principles of obtaining an X-ray image and results of testing
The mode of operation permits eliminating the spatial nonuniformity of the radiation of

a single pulse and improving the performance of the luminophor. In Fig. 1 we present the cor-
relation factor (CF) (1) versus the number of pulses forming the image frame of the test ob-
ject:

m- rnI n- I
CF(A,B). 1 i Aij-A-. Bij-B)

GA.cB n i=0 j=0

with A and B being the image matrices, Ga and aa the mean square deviations, m and n
the dimensions of the matrix.
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The CF approaching unity already with
N = 4 (number of pulses in the packet) shows
that sufficiently identical images can be ob-
tained with 5 and more X-ray pulses in a 1 - ...--
packet. J

To visualize images, we used a simple
recording system, which, yielded encouraging
results: a ZnS and UdS luminophor and a CCD-

camera. The spurious current of the CCD- U
camera used has a value of 1 e- per 5 s, whereas
the charge of each cell on full exposure may be 0 0 1 2 3 4 5 6 7 8

as high as 80000e-. This broad dynamic range Number of pulses

of the signal means that the noise introduced by

the CCD-camera is negligibly small compared Fig. 1 Correlation factor versus the
with the quantum fluctuations in the image, number ofpulses.
thus ensuring a large signal-to-noise ratio.

To reduce intrinsic noise, the CCD matrix was cooled to a temperature of -10 to -20'C.
The low noise level enabled us to use at the CCD output a 16-bit ADC giving 65536 (216)
shades of gray in the digital image produced. In medical practice, however, one should seek a
certain compromise between sufficient contrast and the least exposure dose. So, when exam-
ining real objects, the dose was so chosen that the number of shades of gray did not exceed
20000. But this magnitude is considerably higher than can be imaged by a computer monitor
(< 256) and a printer (< 256), a circumstance which, in combination with the high spatial
resolution of the CCD-camera (1536x1024), allows us, by use of digital filtration and fre-
quency-space analysis methods, to vary the parameters and detect test object details that are
invisible at first sight.

In the radiography of moving objects, the recipient of the image is a high sensitivity TV
camera. An image is formed by exposing the object to a packet of 5 to 10 X-radiation pulses
per frame. Pulse packets are generated in step with the frame sync pulse. The number of
pulses in a packet is chosen from that condition for the CCD matrix in operate in a linear
mode. Computer processing of signals permits changing over to the radiographic mode with-
out interrupting the X-raying mode. However, the need to restrict the patient's exposure dose
not permit a sufficiently good image to be obtained because the active detection time for each
TV frame does not exceed 18 ms and the image is largely affected by random fluctuations and
the noise due to radioelectronic equipment. To attain the requisite image contrast, the pixels
of the resulting image are found as the mean values of pixels of several frames. The contrast
of the image thus produced enhances by an order of magnitude.

Fig. 2 X-ray Image of hand produced by Fig. 3 X-ray Image of hand produced by
exposure to a continuous source. exposure to a pulsed source.
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Clinical tests of a nanosecond pulsed X-ray ap-
paratus with a digital visualization system have shown
that images obtained from a pulsed source are highly
competitive with X-ray pictures from a continuous ro-
tary-anode source. In Figs. 2 and 3 we present X-ray
images of a hand, produced by exposure to a continu-
ous and a pulsed source, respectively. In Fig. 4 is given
an X-ray picture of a human head.

Fig. 4 X-ray Image of human head

Another applications
Important applications of nanosecond X-ray apparatus include nondestructive testing of

machine components and assemblies. For flaw detection purposes, a compact (0.03 m3 and
42 kg) all-solid-state instrument has been devised which forms X-radiation pulses with a du-
ration of 20 to 30 ns, has a photon energy of up to 300 keV, and produces a dose of 0.8 Rad
per pulse at a distance of 10 cm from the tube output window. Using a digital recording sys-
tem as well as realizing a packet photography mode with a subsequent time averaging of
frames has permitted even millimeter-sized defects to be detected in massive steel parts up to
25 mm thick (Fig. 5).

Generating X-radiation pulses with a frequency of up to 2 kHz and computer process-
ing of the images produced largely shortens the analysis time and make this apparatus indis-
pensable in monitoring items in a continuous process cycle. The X-ray source in hand costs an
order of magnitude lower than the conventional apparatus, while the maximum power con-
sumed does not exceed 2.5 kW. The low-voltage power supply of the entire instrument (Us =
3x380V) and its small dimensions permit it to be used in nonstationary conditions, for exam-
ple for testing welded-joints of pipelines. In Fig. 6 we give an X-ray picture of a welded-joint
section, showing the capabilities of the technique applied.

Fig. 5 X-ray Image of a massive steel Fig. 6 X-ray Image of a welded-joint
part. section.
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Conclusion
A new converter luminophor exposure method is proposed which consists of using

short-time packets of high-power X-radiation pulses and subsequently recording the resulting
image with the aid of a CCD matrix. Pulse packet duration and the temporal link of the pulse
packet to the operation of the recording system are realized from the condition that the dose
load on the object and operator be minimal.

A laboratory-scale prototype of a diagnostic apparatus with a digital image visualization
system has been developed. The apparatus is small in size, weighs little, has low power con-
sumption, and permits obtaining high image quality at a low dose load.
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Abstract: The paper presents various diagnostic techniques developed and applied at the IPJ
for studies of pulsed ion beams emitted from high current plasma discharges carried out
within various experimental facilities equipped with coaxial electrodes of different structure,
and operated in various modes.

1. INTRODUCTION

Plasma-ion streams generated by coaxial injectors have been studied at the IPJ for many
years. Energy spectra of ions and time-integrated ion pinhole pictures have been obtained
from discharges performed within coaxial multi-rod electrode systems of the RPI (Rod
Plasma Injector) type [ 1-2]. Such systems are now called the IONOTRON type facilities.

Time-integrated and time-resolved measurements of pulsed ion beams have also been
performed by means of an ion pinhole camera within coaxial injectors of the (Plasma Focus)
type [3]. Recently, time-resolved measurements of ion pulses and energy spectra have been
carried but within a Hall-type injector ISEX [4-5], which was designed especially for active
experiments in outer layers of the ionosphere.

The main aim of this paper has been to present the most important characteristics of ion
beams from several plasma facilities mentioned above, and to compare diagnostics
capabilities of the measuring techniques applied.

2. TIME-INTEGRATED STUDIES OF ION BEAMS FROM RPI FACILITIES

Experimental investigations of ion species
emitted from the RPI facilities were carried
out at different energy levels. Starting from SOWA.20 Ett U

~PI4 0 62030small-scale devices of nominal energy equal V"_ 80 5 "0 30
to several kJ (RPI-5), through medium-scale SOWA-n 420 72 1M 160

machines (RPI-15) of energy equal to 15 kJ , 2

up to relatively large facilities (SOWA, .0
MAJA and IBIS) operated at the energy level RP145
of about 60 kJ. The initial charging voltage 0_
was varied from 30 kV to 40 kV [1-2]. All C
those plasma devices were run under dynamic -2It

initial gas conditions, i.e., with the use of fast
operating gas valve, which was operated
before the triggering of the main discharge. 0 20 40 60 80

In order to study mass- and energy- Ion energy 1keVl
spectra of primary and impurity ions there Fig. 1. Energy spectra of deuterons, from three RPI
was applied a Thomson-type spectrometer [6] accelerators of different energy, operated under
equipped with spectral plates of the UV-2 optimized gas conditions
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type or nuclear track detectors of the CN- and CR-types. An entrance system of that ion
spectrometer enabled the analysis of ions within a wide energy range to be performed. There
were measured ions of energy from several eV (after an additional acceleration up to 20keV)
until fast ions of energy above 100 keV.

It was found that ion yield of the RPI-type plasma accelerators depends strongly upon
initial gas conditions within the electrode region. Some examples of energy spectra of
deuterons, emitted from RPI devices of different scale, have been presented in Fig. 1. One can
easily observe differences in the average energy values of deuterons generated by the RPI-5,
RPI-15, and SOWA-20 facilities. Although the configuration and dimensions of the multi-rod
coaxial electrodes as well as the initial gas conditions within those devices were very similar,
the values of the energy stored and supplied by the condenser banks were different, inducing
evident differences in the discharge current values.

Detailed studies included also measurements of the ion energy distribution at different
angles. In enabled the total energy of the emitted ions to be estimated. That value amounted
about 1 kJ for the RPI-15 and SOWA-20 facilities. Since a duration time of an ion pulse was
roughly known (ca. 200 ns), it was estimated that the ion beam current from the RPI-15
injector reached the value of ca. 100 kA, i.e.
about 30% of the main discharge current.

In order to obtain time-integrated but
space-resolved information about the ionfl/pih°ecamera
beams generated by the RPI facilities, the
use was made of various ion pinhole ,
cameras equipment with solid-state nuclear
track detectors. To investigate a spatial /
structure of plasma-ion streams emitted at rod anode _ --

different angles there were performed
stereoscopic observations with several ion
pinhole cameras. On the basis of those
measurements it was possible to determine ,o0-
the location and approximate dimensions of Dod 0. ahde

sources emitting the investigated ions. It Ud

was observed that in the system of the
coaxial multi-rod electrodes, operated in a
so-called slow mode (high-pressure regime),
the emitted ion beams are focussed within a X rays .

cylindrical region of about 40 mm in
diameter, as show in Fig.2. Within a so-
called fast mode (low-pressure regime) Fig.2. Ion beam pictures taken with five pinhole cameras
there is generated almost uniform spatial of different angles within the MAJA facility, an X-ray
distribution of ion beams, what can be pinhole image obtained side on, and an ion beam

profitable during the application of such density map taken along the z-axis. Experimental

beams for the ion implantation. conditions: Uo=40 kV, T-=200 p.s (slow-mode)

3. TIME-RESOLVED STUDIES OF FAST ION BEAMS FROM PF-DEVICES

In order to perform time-resolved studies the ion pinhole cameras and the Thomson -
type spectrometer, mentioned above, were equipped with miniature scintillation detectors
coupled (through optical cables) with fast photomultipliers and a multi-channel digital
analyzer. Within the PF-20 facility, operated with the D2 filling, there were measured fast
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deuteron beams emitted along the z-axis [3]. For that purpose the use was made of a 70 cm
long pinhole camera, with an entrance diaphragm placed at a distance of 15cm from the inner
electrode outlet.

Time-integrated ion pinhole pictures were registered with a CN-type film covered with a

1.5-jtm thick Al-foil filter, which eliminated deuterons of energy below 220 keV. Time-
resolved ion signals were obtained from two small scintillators fixed in different places (at
the center and at the border) of the ion pinhole ShlotNNo941 Y.n6xeOl08 Shot No.36 .5 1 ,5 YnI a0 ,a

image. An example of the deuteron beam pinhole
picture and time-resolved deuteron signals, as Channel .oA
obtained from two PF shots at po = 2.6 mbar D2
U0 =34 kV, and Wo =12 kJ, has been presented in )64

Fig.3. The oscillograms revealed distinct neutron-
and deuteron-induced pulses, while the influence "0onf - hole=2,0rnnmm:

of instantaneous X-ray was negligible. The
identification of X-ray, neutron, and deuteron
pulses was based on the time-of-flight method. Fig.3. Time-integrated ion pinhole picture an

Taking into consideration that 2.5-MeV fusion time resolved ion signals from the PF-20
device [3] for two different discharges. Mproduced neutrons need about 40 ns to reach markers, X-rays, n-neutrons, d-deuteron-pulses

scintillation detectors (placed at the distance of 85

cm), and assuming that the fast deuterons were emitted at the very beginning of the neutron
emission, it was estimated that the successive ion pules registered on the z-axis, correspond to
350 keV, 150 keV, and 90 keV deuterons, while those registered at the ion image border
(r=20 mm) correspond to 420 keV, 110 keV, and 60 keV, respectively.

To study time temporal structure of the ion beam emission more detailed measurements
are needed by means of several different technique. Recently, some ion time-resolved
measurements have also been performed with Faraday-type collectors adopted especially for
the studies of pulsed ion beam within intense plasma streams [7].

4. TIME-RESOLVED MEASUREMENTS OF LOW-ENERGY HEAVY IONS

In order to generate pulses of low-energy Xe-ions for space experiments, to be performed
on the board of a satellite in the ionosphere, there was designed and constructed a Hall-type
special plasma injector, called the ISEX device [4]. That injector made possible the
production of pulsed streams of Xe-ions with an average energy of about 400 eV, and the
total intensity up to about I A. The duration time of those pulses could be varied from 0.1 s to
about 1.0 s, and the electric charge compensation at the injector outlet could be provided by
an external electron-emitter.

To determine basic characteristics of the Xe-ion pulses emitted from the ISEX device the
use was made of a large (ca. 7 m3) vacuum chamber and a system of several ion collectors of
the Faraday type [5]. In order to measure a spatial profile of the produced ion beams there
were applied the Faraday-type collectors located at different angles to the z-axis, but in the
same measuring plane at a relatively large distance (165 cm) from the ISEX outlet. It was
estimated that the divergence of the Xe-ion beams amounts to about 20 degrees.

The most important emission characteristics were the Xe-ion energy distributions, which
were measured by means of the Faraday collectors equipped with additional grids polarized
appropriately to enable an ion energy analysis to be performed. An electron component was
also eliminated by means of a magnetic field produced by miniature permanent magnets.
Detailed ion energy measurements were performed at a distance of 165 cm from the injector
outlet on the z-axis ( R=0) and at chosen radial distances R. Such measurements were carried
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Fig.4. Typical waveforms of discharge current and ion currents as measured at different distance from the ISEX
outlet (on the left). Ion energy spectra of Xe-ion emitted for different instants of discharge (on the right).

out at various instants counting time from the discharge beginning. Some examples of
oscillograms presenting the discharge current (Idisch), compensated beam intensity (1,.) and
the ion component intensity (Ii), have been shown in Fig.4. The ion energy distributions, as
measured for different instants (t= 100 ns, 500 ins, and 800 ns) under optimized

experimental conditions, have been presented in Fig.4 too. One can easily see that the Xe-ion
energy spectra have distinct maximum near 400 eV. A quantitative analysis of the data
obtained has proved that the required values of the main parameters have been achieved.

5. CONCLUSIONS

On the basis of the examples presented in this paper one can formulate the following
conclusions:
- Several methods of ion diagnostics have been mastered and applied for studies of pulsed
plasma-ion beams generated by various plasma injectors (RPI, PF, and ISEX devices);
- The developed measuring techniques, i.e. the ion pinhole cameras, Thomson-type ion
spectrometers, Faraday-type ion collectors, must be carefully adapted to experimental
conditions in order credible data to be obtained.
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INTRODUCTION

The development of high power and high energy density electrophysical installations
requires use of contactless methods of recording their parameters. The optical methods of the
data transfer allow to avoid the galvanic connection between the recording equipment and the
measuring object. The use of fiber optics allows to place the recording equipment far from the
object of measurements. This helps to avoid electromagnetic interference and other noises that
usually occur in operating time of the high-power machines.

The principle of activity of magnetooptic and electrooptic sensors is based on Faraday
and Pockels effects. Since tLh _- 7•• ts are practically inertialless the time resolution of these
sensors is determined mainly by the time the light passes through the Faraday or Pockels cell
and by the recording equipment bandwidth. In such devices there are no electrical contours.
Therefore connection of the measuring scheme does not influence noticeably on operation of
the researched installation. Such sensors can be used both in laboratory and on testing area
[I].

Faraday and Pockels effects are based on induced birefringence phenomenon appearing
in transparent media affected by external magnetic or electric fields. The angle of rotation of
the polarization plane depend linearly on magnitude of field ((o m.o - H, (a e.o - E). That
means optical schemes for measuring magnetic and electric fields are identical. A parallel
light beam from a monochromatic light source is directed to the magnetooptic or electrooptic
sensor. The sensor consists of Faraday and Pockel cells, polarizer, analyzer and adjusting
units. This light radiation with modulated intensity goes along the optical path to the
photoreceiver, the signal from which is recorded by the proper device.

All mentioned magneto- and electrooptical devices are one and the same sensor to
measure intensity changes of light passing through magneto- or electrooptical probes. When
the phase shift is equal to (p = 900, the light intensity beccines equal to zero. That has happend
at a certain half-wave or master value tt?/2, EX/2, JV/2, UX/2. Let us designate A = 1/, E, .1 or
U and AV/2 = HX/ 2 , EX/2, JV/2 , UV/2 then in general it is possible to write:

SdI 2 1•'f)
A"- /2•I 2n,- sign -- arccosrý-7

dtdl

where n = 0,1,2,... is number of "min" light intensity, sign- d is a sign of light intensity

derivative, I. is "max" light intensity.
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Fig. 1 (A,B,C). Experimental schemes of electrooptic and magnetooptic methods of pulsed
electric and magnetic fields, high voltages and currents measurement.
1 - He-Ne Laser, 2 - Half-wave plates, 3 - Lenses, 4 - Multi mode fiber,
5 - Polarized film, 6 - Faraday or Pockels cells, 7 - Single mode fiber, 8 - Detector,
9 - Oscilloscope.
(D) Measured current for a 40 MA in the disk explosive magnetic generator experiment.

If ý, > 900 (n > 0), then determination of q'rnax is very important, since function I = I(p)

becomes many-valued. The value (omax corresponds to the inflection point dA/dt = 0 and
determines the maximum value of the magnetic and electric field intensities, the current and
the high voltage.

MAGNETOOPTIC DEVICE FOR MAGNETIC FIELD AND ELECTRIC
CURRENT MEASUREMENT

Faraday effect determines the angle of rotation of the polarization plane cIF by the
following ratio (')F = VHI cos y, where V is Verdet constant, H is magnetic field intensity, / is

the length of the light path in a Faraday cell, yis the angle between the direction of the applied
field and the direction of light propagation.

The optical scheme of the magnetooptical device for measuring magnetic intensity is
presented in Fig. I(A). We used cylinders made of glass TF-5 (V= 0.0526' cm-' Oe-') or

MOS-31 (V = 0.20' cm-' Oe'), 2 = 0.633 ýtm as Faraday cells. The multi mode fibers 4 are
made of quartz (OK-50 type) in all devices. The polarizer and the analyzer are made of

polarized film. The probe casing is made of ebonite. For this probe master value H, /2 is

equal: HA /2 = 5400 V t 'I (Oe), where 1 is in cm, V is in 1' cm-'Oe-'. Such magnetooptic device
allows one to measure the magnetic fields H- 103-10' Oe.

The location of the magnetooptic probe is shown in Fig.1 (A). Here a is the distance
between the current conductor and the Faraday cell. Faraday cell is a cylinder with the
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Fig. 2. Signal waveforms (a,b), measured current (c) and measured high voltage (d) for
inductive storage experiment.

length 1. Thus dJF.= VHdx cosy. In the case of the symmetric location of probe the
integration along the beam path gives:

1OF = V .J. nr-'arctg(0.51 .a-).
If L, = 20a is the length of the straight portion of the current conductor then it is easy to

show that the magnetic field intensity created by this current conductor across the probe
differs from the magnetic field created by the straight infinity current conductor less than by
0.5%. Fig. 2(a) shows the change of light intensity passing through the magnetooptic probe.
The current of the inductive storage with the explosive wire is given in the Fig. 2(c). This
curve is characterized by three inflection points dl/dt=0.

SINGLE MODE FIBER DEVICE FOR CURRENT MEASUREMENT

To measure high current pulses .1 I0W-1i0' A single mode quartz fibers are very
convenient. Faraday effect in a glass fiber appears due to the diffkrence in the beam refraction
indices with the opposed circular polarization.

If a linearly polarized beam goes along the single-mode fiber over the closed trajectory,
then the magnetic field will rotate the polarization plane by angle 0.
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The angle 0 does not depend on the shape and the length of light trajectory and current
pulse distribution in it. The main condition is that the trajectory must be closed [2]. In pure.
silica fiber the angle of rotation of the polarization plane per current unit is equal 261°/MA at
the wavelength A = 0.633 .tm. The optical scheme of this facility is given in Fig. I(B). Since

the current of I MA provides the polarization plane rotation by 2610, master value JV/2 is
equal: JV/2= 0.345 MA. Fig. 1*(D,5 shows the result of the current measurement in the disk
explosive magnetic generator. The fiber length encircling the current contour is equal 120 cm.
The measurement had been performed until the fiber was destroyed.

ELECTROOPTIC DEVICE FOR ELECTRIC FIELD MEASUREMENT

A linear electrooptic effect in segnetoelectric crystals is known as Pockels effect. It
results from birefiringence in a crystal under an electric field. Let be d and / are transversal

and longitudinal crystal dimensions respectively. Taking into account the effect of external
electric field attenuation deduced from the theory of static electric and magnetic fields we
shall get following value of electric field attenuation: from - 8 times (dl1 = a = 1) to

1.4 times (a = 10) for the longitudinal electrooptic effect (crystals of KDP) [3].
'Linearly polarized laser beam (k = 0.633 Vim) is focused by the lens into the fiber core.

The light is collimated by the lens into a parallel beam after the fiber. Further the light passes
through the polarizer, the Pockels cell and comes into a dielectric mirror, then it reflects from
mirror and passes back to the photoreceiver, signal from which is recorded by the
oscilloscope. A crystal KDP 9x9x20 mm was used as the Pockels cell. The external field
attenuation was equal 4.2 times, thus the master value E1.2 is equal: E. 2 = 8.8 kV/cm. The
electric field magnitude measured in the electron accelerator was equal: E = 25 kV/cm.

ELECTROOPTIC DEVICE FOR HIGH VOLTAGE MEASUREMENT

F"ig. I(C) shows the optic scheme Ibr high voltage measuremcents. It is based on the
method of determination of the remote conductive sphere potential using the electrooptic
probe.

The remote sphere potential U is equal: U = Er2 / R, where r is the distance from the
sphere center up to the middle of the probe, R is the sphere radius, E is the electric field in the

point of probe location. The master value UJ2 is equal: UA/ 2 = EA12r 2 / R. We used the KDP

crystal 15x15x90 mm as the Pockels cell. Its master value EA /2 is equal: EA/2=1,76 kV/cm.
Fig. 2(b,d) gives the high voltage appearing in the inductive storage with the explosive wire.
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Abstract
The results of spectroscopy measurements of a composite Z-pinch on ANGARA-5-1

installation are presented. The composite Z-pinch was created with the help of a hollow argon
or methane gas jet which collapsed onto a solid foam cylinder doped with salts of KC1 or
NaCl. Dependence of the line radiation intensities and plasma parameters on linear mass of
the gas jet (3+60mkg/cm) was investigated.

Introduction
Firstly, composite Z-pinch was proposed as an alternative to traditional Z-pinches in

[1,2] for achieving of a more stable and homogeneous plasma object. In this series
experiments the Z-pinch was created by combination of thin wires (fibers) (Al, Cu, W, SiO 2 )
and a coaxial plasma jet. More stable and homogeneous plasma in the Z-pinch and an
enhancement of the output soft X-ray radiation were achieved in this experiments at the
current level in the load up to 250 kA with the front rise time of = 50 ns. Higher efficiency of
the energy transfer from the outer gas shell to the fiber was demonstrated in experiments on
composite Z-pinches on GIT-4 generator at the current level in the load up to 1.5 MA with the
front rise time of= 150 ns [3, 4]. In [9] it was supposed that instabilities of the shell may
account for efficient current delivery to the fiber corona.

One of the first series of experiments on the composite Z-pinches with the current level
in the load of- 2-3 MA were carried out on Angara-5-1 installation in the joint international
project JEX'92 [5,6]. In this experiments the composite Z-pinch was created by imploding gas
shells (Ar, Xe, D2 ) on thin (10÷60 gim) coaxial wires (Al, Cu, W, CD 2).

In the present paper the results of the spectroscopy measurements in the next series of
experiments on ANGARA-5-1 installation are presented, where composite Z-pinch was
created with the help of an Ar or methane gas jet collapsed onto a solid foam cylinder with
low initial density. Solid foam cylinder with the diameter of 1mm was produced of agar-agar
doped by salts of KC1 or NaCl. The dependence of the radiation intensities of the lines of K,
Cl, Ar and of the plasma parameters (ne, Te) on the initial linear mass of the gas jet (3+60
mkg/cm) was investigated.

Experimental setup
In the described experiments, the "Angara-5-1" generator [7] delivered about 2-2.5

MA current into the Z-pinch load. The current derivative was measured by the circular multi-
loop probe, mounted on the anode at the radius of 100 mm. Hollow gas jet was produced by
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an electromagnetic valve with a supersonic nozzle having the mean output diameter of 32
mm. The load was mounted inside the diode cathode-anode gap of 1 cm. The total linear mass
of agar-agar cylinder was varying from 55 to 80 mkg/cm with the salt content between 30 and
57% of the total weight.

The characteristics of the composite Z-pinch plasma were registered by means of the set
of physical diagnostics, including: the multichannel device polychromator, which uses multi-
layer X-ray mirrors as dispersion elements and a silicon semiconductor detectors with time
resolution of 1.5 ns; the time integrated wide range X-ray spectrograph with a slit, giving
space resolution along pinch axis; the time-integrated crystal spectrograph with the

registration on CCD detector and rather high spectral resolution E/AE =_ 1000 [8]. The
diagnostics layout of the experiments is shown in Fig. 1.

Experimental results and discussions
As the spectroscopic measurements show, the collapse process of the gas jet onto the

fiber is accompanied by an intense line radiation. This emission is related to the H-, and He-
like ions of argon, potassium and chlorine. The integral output of line radiation of these
elements is listed in the table.

K Cl Ar Here : is the output radiation in

- 62 the resonance line of He-like ion; Qc

He 2,5-11 3-12 46-48 output radiation in the intercombination line
Q ; J of He-like ion; QH - output radiation in the

QHJ 0.7-1.5 1-2.5 6-15 resonance line of H-like ion; H Heis

He He 1.2-2.7 1,4-2,7 1,3-1,6 the ratio of intensities of the resonance line
QR/QI to the intercombination line of the He-like

ion.
Fig. 2 and Fig. 3 present the typical lines emission spectra obtained by means of the

spectrograph with registration on CCD. Fig. 4 shows the typical oscillogram of the signal,
measured for X-ray quanta with the energy of = 525 eV.

The spectroscopy with space resolution shows, that the line emission locations are the
same as well for both Ar lines, and K and Cl lines. The line radiation comes approximately
from the central part of the load anode-cathode gap (one half of the pinch length, = 5 mm for

Ar ions and = 3-4 mm for the ions of K and Cl). Using the experimental intensities integrated
in time for the resonance transitions of He- and H-like ions, and those for ls2p(3P,)-1s2('SO)
intercombination transition, the electron temperature, To, and the electron density, n,, were
calculated. The processing of the results was performed being based on a stationary
collisional- radiative model with account of radiation absorption. The electron temperature T,
was determined, additionally, being based on the ratio of resonance He-like lines of pair of
ions K and Cl. At the moment of pinching the following values of the plasma parameters were
achieved: the electron temperature T, = 0.8-1.3 keV; the electron densities n, = (1- 2)*'102 cm
-3. The estimations of the spectral line intensities of K and Cl from the measured integral
output and duration of the soft X-ray radiation showed that an appreciable part of the initial
total mass of the foam cylinder (10-25%) had the electron temperature of order I keV. Such
temperature was achieved both in thejet and in the fiber material. Using the fact that only 0.3-,
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0.5 part of the pinch length had that high temperature sufficient for intensive line radiation,
we can conclude that of order of one half of the initial foam material total mass has the
electron temperature at the level of 1 keV in this plasma region. This fact indicates rather
good energy transfer to the fiber. One of the mechanisms accounting for this good energy
transfer can be the electron thermoconductivity. Another possibility can be the direct Ohmic
heating [9] of the fiber. Nevertheless, one should point out that it is possible only with
significant decrease of the electron conductivity, since the coefficient of the magnetic
diffusion is too low with classic electron conductivity at Te - 1 keV.

The analysis of the result obtained shows, that the higher temperature values of the fiber
correspond to greater linear masses of the gas jet and do not depend on the fact whether argon
or propane was used. This can be explained by the fact that the greater jet mass shift the
moment of pinching closer to the current maximum. There was not observed any dependence
of the fiber electron density on variation of the linear mass of the gas jet.

In those experiments, when the gas nozzle was made from an aluminum alloy, the
radiation of the Al H-and He-like lines was detected in the region located in the vicinity of
the cathode (Fig. 2). The size of this area was changing from 1 to 3 mm along the pinch axis.
The measurement of the electron temperature of the pinch of the order 500 eV near the
cathode electrode by using Al lines ratio confirms the existence of high temperature gradients
along the pinch.

dF/d'., JIA

•3 4

3 Vr [He]

11 •H

1000cl e

Ar (He] ••[He] Ar

Ar Ar ,) , CltH)

6D 7.0 8.0 9.0 A

Fig. 1 Fig. 2

FIG. 1 Geometry of the disc concentrator with load and layout of spectrograph with
registration on CCD. 1-anode of disc concentrator, 2-cathode of the disc
concentrator, 3- gas jet, 4-fiber, 5 - spectrograph with CCD registration.

FIG. 2 Spectra of lines radiation of Ar, K and Cl, received in the second order of reflection
from the crystal. The shell consisted of a hollow gas jet of Ar (60 Rg/cm). The
following fiber was used: a cylinder from agar-agar (55 gig/cm) with adding of KCl
(30% on weight). The distinctive radiation of the cathode material is seen ([H]- and
[He]-like Al, the first order of reflection ).The wavelength scale corresponds to the
first order of reflection.
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Fig. 3 Spectra of the K and Cl line radiation in the second order of reflection from the

crystal. The shell consisted of a hollow gas jet C3H8 (60 jig/cm). The following fiber

was used: a cylinder from agar-agar (60 gg/cm) with adding of KCI (30% on

weight).

Fig. 4 Signal trace of the soft X-ray radiation from polychromator channel with the energy
525 eV (continuous line), synchronized with the signal trace of B-dot (dot line).

Shell: hollow gas jet C3H8 (60 jig/cm); fiber: cylinder from agar-agar (60 jg/cm)
with adding of KC1 (30% on weight).
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ABSTRACT

The stationary Particle-in-Cell - program system ,,BFCPIC" [1] has been modified to run on
unix workstations. A new mesh generator ,,InGrid" producing the boundary fitted grid was
incorporated in ,,AutoCad" and applied to diode meshing. The mesh generated by InGrid can
be exported to both the stationary PIC-code ,,BFCPIC" and the time resolving PIC-code
,,KADI2D"[2]. For calculating the applied magnetic fields the commercial FEM code
,,ANSYS" is used. To test the whole program system simulations on a simple electron diode
for KALIF-HELIA [3] have been performed. As a second step the simulation of the present
applied-B diode [4] was repeated and identical results compared to the old program system.
were found.

I. INTRODUCTION

Our stationary Particle-in Cell -Code ,,BFCPIC" based on boundary fitted grids is used
since 1988 in two versions: BFCPIC2D is two-dimensional and serves mainly to simulate the
self-magnetically insulated Be-diode [5]. The 2.5-dimensional BFCPIC2H allows for externally
applied magnetic fields and is used to model applied-B diodes [4] and recently, as is shown
below, for electron diodes. Although these codes are time independent we have gained quite a
lot of phyical insight from these simulations. First simulations using the new time-dependend
PIC-code ,,KADI2D" are described in ref [2]. This code is also based on boundary-fitted grids
and some of the features of the stationary codes could be adopted for it. To validate this
program tests were made using the same models as for the stationary codes, and a comparison
under equal conditions has given equal results [2]. One purpose of the simulations shown
below was, to supply material for this comparison. Another was to assist the design of an
electron diode for KALIF-HELIA.

Since 1988 great changes in the computer world have taken place, and the codes have
been gradually adopted to new computer systems. The main change was the step from large
main-frame MVS computers to small UNIX workstations. While in early days the knowledge
of FORTRAN and some job control language was sufficient to run the codes, today a great
variety of partly commercial codes, partly own developments are in use. This paper describes
in its first part the work with this combination of programs and summarizes in its second part
some results obtained for several versions of the KALIF-HELIA electron diode.

II. STEPS OF A SIMULATION

The generation of the grid starts from an AutoCAD-drawing of the diode. By copying the
lines relevant for the simulation on a new layer the grid boundary is fixed. Using the program
,,InGrid" [6] that is incorporated into AutoCAD the grid is constructed interactively. This
requires some experience: Although by far not all features of AutoCAD are used for the grid
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generation user's mistakes in AutoCAD result in rather strange effects at the generated grid.
The final grid is then exported either into the format needed for the PIC-codes or into the
ANSYS-format. Both files have to be modified slightly to meet the requirements of the
different systems.

ANSYS [7] is used to calculate the magnetic field excited by external coils. These coils
are in general situated outside of the PIC-model, so that an ANSYS-model has to be
constructed around the PIC-model and combined with it for the calculation of the magnetic
field. Two difficulties have arised in combining the PIC-code with ANSYS:

a) The ANSYS-grid is unstructured, while the PIC-code grid is structured. This is the
reason for starting with the grid for the PIC-code and and constructing the ANSYS-grid only
for the outer regions. The combination of both grids was a difficult programming task.

b) Since in ANSYS the rotation axis has to be perpendicular, while in the PIC-code it is
horizontal, the InGrid-grid has to be be rotated and mirrored for ANSYS. The ANSYS results
then again have to be rotated and mirrored to be used as an input for the PIC-code.

The results of the PIC-code are transformed into a format readable by the postprocessor
Techplot [8] by using a program ,,Visart" [9]. Finally the results are plotted as is shown in the
examples below.

MI. ELECTRON DIODES FOR KALIF-HELIA

Our new 6-MV generator KALIF-HELIA [3] will be run first in negative polarity using an
electron diode. The program system described above has been checked and practised first on
two versions of an electron diode: Figures la and lb show the electrical potential distribution
in two preliminary variations and in a final shape ic that will be used experimentally. Both
diodes need a pair of Helmholtz-coils as shown in Fig. 3, situated outside of the area indicated
in the figures la-ic producing a magnetic field that counteracts the pinching of the electrons
down to the axis due to their self-field. Figs. 2a and 2b illustrate the electron current density
obtained for different coil currents. Table I. gives a summary of the simulation results obtained
so far for several geometrical parameters and different amplitudes of the applied external
magnetic field. Fig.3 also shows the lines of constant vector potential A, computed by ANSYS.

The general behaviour is as expected. A shorter gap gives higher electron current. The
numbers, however, differ slightly from results one would obtain using the simple Child-
Langmuir-Law, since the rounding at the electrodes and the effect of more or less pinching is
not considered in the formula. A higher external field reduces the pinching. A longer part of the
transmission line adds more electrons and increases the current. Figs. 4a and 4b show an
interesting difference for different electron currents: At low current the transmission line is not
well insulated and electrons spread out all over the space between inner and outer conductor,
whereas at higher current the magnetic insulation keeps this space free of electrons. In Table I
the cases, where the magnetic insulation breaks down are marked. Between 1=327 kA and
1=335 kA is a rather sharp transition between poor and good magnetic insulation.

The simulation results on the applied-B diode Fig. 5 are identical to the results obtained
with the old program system. Whereas the general picture of electrons emerging from the
cathode tip and forming an electron sheath are obtained as expected, the numbers for the ion
current are by more than a factor 10 lower than in the experiments. This is due to the fact, that
in the 2.5-dimensional code without time dependency the effect of instabilities and movement
of the electron sheath cannot be modeled. So the result shown in Fig. 4 is only a confirmation
that the transition in the program system from MVS to UNIX is completed without apparent
errors.
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Table I. Electron Current IE and Impedance 91 in Electron diodes of shapes A, B, C as
function of gap distance G and coil current Ic

Shape 80 [mm] 100 [mmi 120 [mm]

Ic [kA] 1E [kA] Q 1E [kA] Q 1E [kA]

A 40 457.6 13.1 368.3 16.3

A 80 458.3 13.1 427.9 14.0

A 160 523.7 11.5 421.0 14.3

A 240 606.1 9.9 493.0 12.1

B 40 552.6 10.9 419.9 14.3

B 80 479.1 12.5 346.6 17.3
B 160 574.3 104 468.8 12.8

B 240 700.9 8.6 539.8 11.1

C 40 655.3 9.2 322 0 18.6 277.7 21.6
C 80 821.3 7.3 312.2 19.2 270.3 22.2
C 120 676.2 8.9 3 26.9 18.4 2 4.4. 3 24.6
C 160 642.2 9.3 395.7 15.2 335.3 17.9
C 240 653.1 9.2 451.6 13.3 375.0 16.0

[marked cases refer to poor magnetic insulation due to low electron current]

CONCLUSIONS

The step between the old and the new computer systems is completed succsessfully. After
some practising a sufficient variety of models is available to compare stationary results to time
dependent simulations. First simulations on the electron diode are performed. The effect of
electron inflow from the KALIF-HELIA transmission line has been shown principally; it was
found that at 330 kA a sharp transition between poor and good magnetic insulation takes
place.
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Electron beam parameters calculation results are presented and discussed for the 1.4 MeV electrostatic
tandem accelerator, which is used in the Tel-Aviv University Free Electron Laser ( TAU-FEL ). Electron beam
optics parameters including space charge effects were calculated for a beam line configuration, consisting of an
electron gun, focusing solenoids, accelerating and decelerating sections, focusing quadroupole lenses and a
wiggler.

A new program for simulation of electron beam transport in FEL ("ELOP") was developed recently at Tel-
Aviv University (TAU). Equations of motion of an electron in the presence of magnetic and electric fields are
solved numerically for different magnetic elements. The program was applied for simulation of electron beam
transport in the TAU FEL. The results of the simulation provide guidelines for applying the appropriate
currents to the quadrupole magnets along the beam line. A comparison of calculated and measured beam
diameters is provided. Optimization problems of electron beam parameters are discussed.

INTRODUCTION

Beam parameter optimization is one of the most important problems of the FEL design. A
1.4MeV electrostatic tandem-accelerator is used [1] for the Israeli FEL. The goal of this work
was to obtain an appropriate initial beam in the electron gun, to trace it along the accelerator
tube (up to the region of interaction) with required beam parameters, using focusing by four
quadrupole lenses (the quadruplet), pass it through the wiggler magnets, and then through
another quadruplet, followed by the decelerator structure up to the collector, without beam
losses. The following main beam optic elements were used: a Pirce-type three-electrode
electron gun; four short solenoids (focusing coils) for beam focusing up to the entrance of the
electrostatic accelerator enter; an accelerator tube; a guadruplet for beam forming before the
wiggler (undulator) magnet; a wiggler; a guadruplet at beam focusing on the decelerator
section exit; a decelerator tube; two short solenoids and a collector and central beam trajectory
correctors.

BEAM DYNAMICS IN THE TAU-FEL INJECTION REGION

The scheme of the injection part is shown on the Fig. 1. The goal of the beam dynamics
simulations of the injection part was to obtain an initial electron beam with a current greater
than 1.5A, a minimal emittance and divergence at the electrostatic accelerator tube entrance.

The Pirce type three-electrode electron gun with a thermionic cathode was used. It
operates with an anode voltage of 43 kV and grid voltage of 12 kV. The initial beam radius
was 7.6 mm. Four focusing coils were used in order to obtain optimal beam parameters at the
accelerator entrance.

A new version of the code EGUN-2 [2] was used. This new version of the program
enables one to simulate large structures. In our case, the injection part and the acceleration
structure (75 electrodes) are described using one file only (in which the structure consists of
two parts); in the old EGUN version it was necessary to use no less then 14 configuration files
for a such structure. To describe the deceleration structure (80 electrodes) together with the
collector region, only one configuration file was used (compared to 15 files in the old EGUN
version). The new computer version is fast and it is possible to simulate many more rays.

-517-



The parameters of the electron beam in the simulations of the electron gun were as
follows: beam current =1.747A, perveance p=0.195mkA/V31 2. Fields of the focusing short
solenoids, providing the required beam parameters after acceleration were the following:
BZ(C1)= 115Gs (7.25A), B,(C2)=-65Gs(-3.75A), B,(C3)=52Gs(3A), B,(C4)=35Gs(2A). Beam
emittance at the exit of the accelerator tube was found to be 227t mm-mrad, beam radius was
near 9.5mm. Beam energy after acceleration - 1.4MeV. Note that the potential of the last
electrode is 1.36kV because a scheme with a grounded gun anode is used.;Short solenloids/• l

/Wl of tank

Accelerator tube

0 241 474 580 795 1188 1530 1702 1954

Fig. 1. Injection part of the TAU-FEL and beam envelope. Numbers are the distances
from the cathode in mm. 580 - beam scrapper;, 580, 1702 - correctors, 1954 - first electrode of
the accelerator tube.

BEAM DYNAMICS IN THE WIGGLER

Optimal beam parameters at the wiggler entrance were determined from requirements of
beam transport in the wiggler: x=lmm (x -wiggling direction), x'=22mrad, y=0.956mm,
y'=23mrad and for the beam center: x0=-1.64mm, xo'=2.675mrad.

The TAU FEL wiggler consists of 26 sets of magnets in a Hallbach configuration, where
each magnet set is a period consisting of 4 permanent magnet pairs. In addition to these
magnets there are also "correcting" magnets near the entrance and the exit of the wiggler and
two "long" lateral focusing magnets, one at each side of the wiggler, which are required to
eliminate angular derivation of the electron beam [1].

One can see that the plane wiggler with longitudinal magnets is equivalent to a FODO
classical focusing structure in the first order approximation of magnetic field displacement near
the central trajectory and provides a beam motion stability in both rectangular directions.
Similar structures are used in cyclic accelerators. A new simulation code for modeling the
electron beam dynamics in the wiggler and in other electron optic elements was developed in
the TAU FEL group ("ELOP" [3]).

In order to calculate the electron beam transport through the wiggler we developed a
simulation program ELOP that solves the electron dynamics equations in the presence of
constant, time invariable magnetic and electric fields. This applies for coils, permanent magnets
and magnet pairs, wigglers consisting of permanent magnets, quadrupole magnets and other
time invariant configurations. The program calculates electron trajectories for a given set of
electric and magnetic fields by use of Lorentz's force equation.

To obtain optimal beam focusing and required beam parameters at the wiggler entrance,
four quadrupoles (quadruplet) focusing set was used. Simulations were made using the ELOP
code, where the quadrupole fields were approximated in linear form. For comparison one of
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the regimes was simulated by two different codes: TRANSPORT [4] and ELOP. Results
coincided -practically (Fig.2).

I I II

x'mm

SWiggler

2M

,QI, -Q2 Q3Sc ,

v ,mm

Fig.2. Beam envelope in the quadruplet before the wiggler. x - direction of wiggling.
Continuous line - results of ELOP simulations, Dashed - by TRANSPORT simulations.

Quadrupole gradients were as follows: Ql-=2.275Gs/mm (1.495A), Q2= - 1.895Gs/mm (-

1.245A), Q3=2.345Gs/mm (1.475A), Q4= - 1.492Gs/mm (-0.98A). Quadrupole current values
were taken from the experiment. Sign "+" corresponds to focusing in the x-direction. The
effective length of the quadrupoles was 140mm, radius of the quadrupole aperture - 40.5mm,
beam energy was 1.4MeV, initial beam radius was 7.5mm and beam divergence in both x and y
directions was 2.93 mrad. The TRANSPORT code is applicable for ultra relativistic beams. To
use it in our case angle calibration in the bending dipole magnetic field was made and the
relativistic factor y was taken into account by means of beam energy changes. So, 1.4MeV in
the ELOP code corresponds to 1.8445MeV in the TRANSPORT code.

BEAM DYNAMICS ON THE COLLECTOR REGION

The beam dynamics problem in the region after deceleration is to collect a low energy
beam with a large energy spread (7%) at the collector. The reason for this large energy spread
is the radiation in the wiggler; this process is described in ref [5]. The layout of this part of the
facility is shown on the Fig.3. Short solenoids C5 and C6 for beam focusing are used. But at
present it is not possible to provide full beam collection on the collector due to the large beam
energy spread. To solve this problem a new collection design was proposed. The collector
should consist of two parts: the old collector should be prolonged from 600mm up to 850-
900mm and a new 1500mm length tube must be added which should have a potential 80kV (in
respect to ground) via contact with a corresponding electrode in the decelerator. In this case
the beam is collected on partially by the old collector and buy the new tube.

For a uniform initial IA beam entering the decelerator with emittance of 22n mm*mrad
and beam radius of 10mm, partial beam collection in the collector region was simulated using
EGUN-2 code. Results of more then 500 ray tracing simulations with initial beam energy in the
range 1.32MeV-1.42MeV for a uniform energy spread displacement are shown on the Fig. 3
(as a histogram with 0. Im steps along the z-axis). The vertical columns in Fig.3 represent the
beam power collected along the z-axis in the collector region if the old collector design is used
with a 0 collector potential in respect to ground. The total beam power for this case is
52.3kWt (on the new tube 65% are collected up to z=1.3m in Fig.3; on the old construction
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collector walls (after it prolongation) 17% are collected up to z=2.5m; 18% are collected by
the final collector (13496 in Fig.3.). The envelope line in Fig.3 represent the power distribution
for a 40kV potential on the collector. For this case beam power collected 67.8kWt and the
distribution along the collector various correspondingly 54%, 18%, 28%. Coordinate z=0 in
Fig.3. corresponds to the new tube entrance.

C5 C6

N ew c oll ector tub e Oldl collector

D ecelertor

t 1 223Short solenoids

12400 12994 13496

20 P, kWt

15

10 /
5

0 0.5 1.0 1.5 2.0 2.5
Fig.3. Histogram of beam collection displacement on the exit of FEL. 11223 - last

electrode position in mm in regard to the cathode, 12400, 12994 - short solenoids positions.

CONCLUSIONS

Use of a new version of the EGUN-2 code and the ELOP code, developed at the Tel-Aviv
University, provides a full mathematical model of the TAU FEL for beam dynamic simulations.
Electron beam parameters required for the beam transport without losses within the wiggler
were obtained. Beam transport simulation results from the radiation region and up to the new
collector are provided.
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RAYLEIGH -TAYLOR INSTABILITY OF IMPLODING CURRENT

SHELL BY LOW DENSITY PLASMA

A.V. Gordeev

RRC oKurchatov Institute)), 123182 Moscow, Russia

1.The instabilities of the imploding structures such as z-pinch and liner are the
main obstacle by the attempt to compress by a magnetic field the current plasma
structures to high densities and, correspondingly, to small scales. The most
dangerous prove to be the instabilities, which stimulate the macroscopic ion
motion on the size scale of the imploding structure. For the z-pinch and
imploding plasma shell, the most important instability is the Rayleigh- Taylor
(RT) instability [1]. This instability undoubtedly exists within the framework of the
one-fluid magnetohydrodynamics (MIHD), when the role of a Hall effect can be
neglected according to the parameter H-' << 1, where H = 4re2n 2 / mc2',J -

the characteristic scale of an imploding shell [2]. In the case of the two-fluid MID,
when the role of the Hall effect is large, the problem is no so simple [3]. In
recent years, the evidence was obtained for the absence of the stabilization of
the RT instability by the Hall effect [4,5]. However, in these papers the RT
instability arises as a result of the applying of an fictitious <(gravity force»). In
the present paper the RT instability will be considered by a direct transition to
a moving system of coordinates, which results in a more adequate approach.
The most important peculiarity of the approach is such a form of the final
equations, which allows the exact integration of the perturbed equations for an
arbitrary density profile and by the account of the kinetic pressure.
2. We start from the system of the two-fluid MID equations. It will be assumed
that the electron inertia and the dissipative effects will be neglected. So, we
will consider that the collisional and electron collisionless size scales are very
small relative to the characteristic size of the imploding shell.
As a result, we will use the following basic system for an imploding plasma
shell with a current [3,4]:

dV I~(1
P dt- 4 T[Bx[Vx]]-Vp

0 + V(pV) = O, (2)

-=[VX[x h+CV-Bx[V jj]-[x [V BII. (3)

Here for the total pressure of electrons and ions we assume the adiabatic law
p = p(ni), p = m, ni is the plasma density, and the finite conductivity a is

preserved in a pure symbolic manner in order to evaluate its role for the
disturbances obtained. Further on, we will consider a B >> enc.
The further investigation will be carried out in Cartesian coordinates, when the
radial motion of the imploding shell is transformed into the motion along the x-
axis, and the 0-component of the magnetic field, is transformed into the By.
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We assume that in the initial state of the imploding shell there exists the x-
dependence only. Then one can prove that for the perturbations by 9 / = 0
the equations for B, and B,., are splitted.

The equations for the nonperturbed configuration of an imploding plasma shell
read:

dJ"o B0 6Bo e•,, 5p,, 0Pd V, BO- O 4 )- (-•'- (e V) 0, (4)

0(5)S+ (BO =v) (5)

Here the velocity of the imploding plasma shell V, is directed along the x-axis,

and the magnetic field B.- along the y-axis.

In the following, by the transformation of the equations to the moving system of
coordinates the compactness condition will be used, which reads that the
nonperturbed velocity V, is a function of time only. This compactness

condition may be presented in the form
dt = -a°(). 

(6)

By the transition to the variable
s = x- f V, (t)dt (7)

and making use the transition formula

,+ =£ + (8)

0 '0K

one can obtain the equilibrium condition

ao = ds (4B- + P0), (9)

where
itp 0 ' OBO c-2 J -9 "

The neglecting of the dissipation ar--> oo corresponds to a, const.
The equilibrium condition (9) in the moving system of coordinates corresponds
to the case, when the inertial force is balanced by magnetic and kinetic pressures.

When transforming the perturbed equations in the same way and passing on to
the Fourier transformation with respect to t (the frequency (0 ) and to z (the
wave vector k,) and introducing the dimensionless values in accordance with

the following rules ( A is the layer size in x-direction, B(,,-, - the constant
values)

b=BO>_ no V, 2 ZBý,

b 0 -=-> 0,v--, S=A4,K k.A, a0, 2 _
Bno A 47rann)f
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= Vo + c I dbo 47rei,)ZA2
C- A v, d0 i _ 2c

one can obtain the following final dimensionless equations for the perturbed
magnetic field b and density v

LobvI d ( b)K2 Kb + v - d(bob±+8v)} (10).

dv d2
d- W (bo-b±V) - K (bo-b+v)

for the following relation between v0 and b0

4nffo dp)
vo = hobo + b ev, e(s) - f,0 dno (12)

Here the prime means the differentiation with respect to the variable •.
3. Further on, we consider the limiting case H << 1, when the Hall effect is
essential [3]. Then from (10) and (12) it follows

v=b-- =bb, V0, (13)
bo vo - SV(o'

By introducing the notation w bb0 Eq. (11) may be rewritten as

d{d (w + Cv) - v + 2 V_ K 2 (w + Cv) = 0. (14)

By the straightforward substitution it is easy to verify that this equation has
the general solution

w:= C(vo -evo)exp (cc)+C 2(vo - ev0)exp(icý) 4 exp(-2,ý'), (15)

which corresponds to the eigenvalue (see also [6])
g2 = -_C, I > 0. (16)

One can see that in a Hall limiting case for an arbitrary density profile n(s)
and by the account of the kinetic pressure p(n) the equations allow the
exact integration for the global RT instability. The result about the instability
in the Hall limiting case was obtained earlier in [4,5], however in the present
paper the structure of the equations is quite different.
4. Below we consider briefly the higher modes of the RT instability by the
density profile v0 = 4(l - D). Introducing in Eq. (14) the new function

u - w (v0 -vo), one can obtain

t = :U(K-Vo -KY V2)3 (17)
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Going to the new variable T1 = 2ý -1, the following equation for the above
mentioned density profile will be obtained

d 2dAKu-( I -_, 7 ) _ = U 4- ( I _ , 7 2 _ ( 1 8 )

where A----)2/K - the eigenvalue of this equation.
The expansion of the function u in terms of the Legendre polynomials [7]

u = .L0 a,,,P,(ir) gives the recursion relations for a,,, which by n >> 1 take

the following form

m 8 + a.-a (a,.+2 + am,- 2) +-(a,,, + a,,,- (19)
816 - 2 ,?-I nI

When transforming these recursion relations by the account of the m >> I into
the differential equation relative to a(m) and expanding the solution of this
equation in terms of the Hermite polynomials [7], so one can arrive at the
dispersion relation

A:= q+ +--) 1± +2, (q - positive integer). (20)

This relation coincides in a qualitative manner with [5] by K 2 >> 1, however
here it was obtained by the arbitrary density p(n). One must stress that
contrary to [5] o already normalized relative to V(, / A and it is impossible to
obtain the frequency scale, which does not contain the ion mass m,
5. Thus, in the present paper are obtained the general equations, which
describe the RT instability in a accelerated system of coordinates. It is shown
that account of the Hall effect does not results in the stabilization of the RT
instability in accord with [4,5]. However, the form of the equations obtained is
quite different. The main result of the present paper consist in that unlike the
one-fluid MHD in the two-fluid MHD by the account of the Hall effect it is
possible the analytical solution for the RT instability independently of the
specific form of the density profile and functional type of p(n).
One must stress that the results obtained hold for the Hall plasma, when

-o >> CO., where co) - the ion cyclotron frequency.
This study was supported in part by the Russian Foundation for Basic

Research, project no. 97-02-16980.
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NON-LINEAR ELECTROMAGNETIC WAVE IN PLASMA -FILLED

TRANSMISSION LINE

A.V. Gordeev and S.V. Levchenko

RRC oKurchatov Institute)), 123182 Moscow, Russia

1.For the energy transportation from a generator to a load are used the vacuum
transmission lines with the magnetic insulation (MITL), where the non-linear
electromagnetic waves can be formed because of both non-linear effects and the
electron leakage at the wave front [1]. By the plasma switch experiments, the
vacuum gap of the MITL is filled by a low density plasma, so the problem arises
about the dynamics of electromagnetic fields in the plasma medium. There exists
also some another reason for the plasma appearance in theMITL - the ion
emission from the anode surface. In the following the plasma will be considered in
the framework of the two-fluid magnetohydrodynamics (MHD) model by the account
of the Hall effect, when electrons are magnetized and ions are not magnetized [2].
In the absence of the interparticles collisions, the electron vorticity equal to the curl
of the generalized momentum of electron is conserved. It is easy to verify that the
ratio of the electron vorticity to the electron density is conserved along electron
trajectory, i.e. this value proves to be a Lagrange invariant. In addition, we will
consider the turbulent plasma medium, as it is usual for the plasma opening switch
(POS) device. Then the Lagrange invariant is equalized in space because of the
turbulent motion of electrons [3]. The constant value of the Lagrange invariant
allows to integrate the equations obtained.
In the present paper, the propagation of the ion-diode-like equilibrium in the direction
from a generator to a load will be investigated. The velocity of such wave proves to
be of the order of the light velocity at the moderate voltage about some megavolts
across the MITL. The high enough wave velocity by a presence of the ion motion is
only possible by the mainly transversal ion motion. For this wave, the almost
instantaneous generation of the ion flow from the anode surface is required.
The most interesting point of the investigations developed consists in the fact that by
some conditions the self-consistent wave propagates in the MITL, where particles
and fields can be described by a unified wave velocity. Interestingly, the velocity of
this wave is controlled essentially by the value of the Lagrange invariant. It will be
shown that by the high voltage the wave velocity is almost constant and is
determined by the inertialless electron motion.

2. By the description of the electron equilibrium, which establishes after the wave
front, is used the generalized Brillouin equilibrium, when the electron motion
represents the drift in the crossed magnetic and electric fields. The main electron
motion equation can be presented in the form [3]

S+ VnCec2 ×-et i , Pe (I)
C

-. C

where C = B-e[V x j] the electron vorticity and B- the magnetic field.
e
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The electron velocity V is equal
V [Vxb] I+ (2)

4 ,rene 4 teene a

Here we neglected the ion velocity term, which corresponds to the following small
parameter

4a ee Z 2ni d ' 1 ' (3)

mc 2 2 l

characteristic for the Hall plasmas.
The second Maxwell equation can be presented in the form

I OAk=- _ V(D, '= [V xAt, (4)
cdti

where 4) and A are the scalar and vector potentials, respectively.
From the first equation (4) by the condition E. = 0 on the cathode plane, where z
is the direction along the MITL, one can obtain the velocity of the non-linear
electromagnetic wave

U
w- (5)A- AO

Here U - the line voltage and A, 4 are the z-components of the vector potential
after and before the wave front, respectively.
Such a wave for the non-relativistic limit and by the approximation of
motionless ions was considered in [4]. The ion motion can be neglected on
the earlier stage of evolution, when the ion density can be consider as constant
because of the small ion velocity. However, late in the wave evolution the ion
diode equilibrium establishes inside the line gap in correspondence with recent
ion diode theory [5]. Therefore, one must also consider the ion motion. The ion
motion equation can be presented in the form

-2

mi + V+ [ (6)
a 2 C

where the ion vorticity £2i is equal to zero

fi,=B - C[V X Vj] = 0. (7)

This equality corresponds to a small level of the ion turbulence on the earlier
stage of the ion evolution [6].
When taking into account the boundary condition E, =0 at the cathode
surface, one can obtain from z-component of Eq.(6) the following relation

_ i_ V r n i 2

61--+ 2 -,

from which by 0/ 6- -w.0 tz one can arrive at the expression for the wave
velocity w

-2

w=c- ' (8)
2viz

The y-component of Eq. (7) is equal
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B, +- -e - ý) = 0.

The simple estimates show that in the equilibrium state one can neglect the
derivative relative z by the fulfillment of the inequality
4,z'e2Z2n I2>>1(9

41re Z ni'(9)MJc2

where L is the longitudinal size of the equilibrium.
In this case in the equilibrium, which establishes after the wave front, one can
neglect the z-derivative and the following relation will be valid

m, c dv,
y- Ze dx = O. (10)

Integrating this relation over the line gap from the anode surface (x= xa) to
the cathode surface (x= xe), one obtains the velocity of ions near the cathode

viZIc- Bydx-•cAa" (11)

Substituting this expression for viz• in (8) and taking into account the
conservation law of energy, we get to the following expression for the wave
velocity

U
w=- (12)

Aa

Comparing this with Eq. (5), one can see that these expressions are equivalent,
when A, = 0, that is when the magnetic field is absent before the wave front.
In the dimensionless form Eq.(12) can be presented as

U
w- H'- (13)

where u - the dimensionless voltage in the line and HI - the dimensionless
magnetic flux.
As it is known from the diode theory, the electron and ion equations have an
additional integral
b2 : 16;#ied2

,2 + Ji' u- V = const, Ji 3 N2 / m4

where (p is the dimensionless electric potential, y - the electron relativistic
factor and b = eBd ImeC 2.

It is known that in the ion diode problem must be fixed the total magnetic
flux. However, by the non-linear electromagnetic wave the distance between the
electrodes must be fixed. The dimensionless form of this condition has the form
u

f b - dp = 1. (15)
o b 72 _1

The above obtained relations between the quantities give a possibility to present
the relativistic factor and the dimensionless magnetic field in the following form:

-527-



1 + qp + ib,
7 , b = yý2(+b,2 (16)

1+i rb .iý+2b, l-ý (pu

Neglecting the unity in the y-expression and substituting these simplified
expressions for y and b in Eq. (15), one can essentially simplify the integral
relation

2i s ds 1, (17)
S2ibc ±1S 2 

_ S

From Eq. (17) it follows the limiting values of the cathode magnetic field for
the different cases:

b,(u) = u (iri)2 << 1; b,(u) = 7.2 iu ()1)2 » I. (18)
2i 2'

One can prove that for the both cases the dimensioless magnetic flux is equal
rI bc. Therefore, the wave velocity can be found as

w w 2
2i, (1i) 2' << 1; - (;)2 >> 1 (19)

C 
7 g '2 i

It is seen from obtained results that the wave velocity has a maximum by the
value of the dimensional invariant of the order of unity.
4.The presented theory allows to calculate the velocity of the non-linear
electromagnetic wave in the transmission line as a function of the line voltage.
It is shown, the wave velocity obtained is controlled by the value of the

Lagrange invariant, which in turn is determined by the turbulence level of the
plasma inside the line.
This study was supported in part by the Russian Foundation for Basic
Research, project no. 97-02-16980
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Abstract
A simulation study with experimental parameters of a 32GHz gyrotron operating in the

TE0 21 mode is presented. Beam electrons with typical energy of 40 keV and transverse-
to-axial velocity ratio ranging from 0.8 to 2.0 are injected into the cavity to drive electro-
magnetic oscillations from noise. On the basis of an electromagnetic PIC code, a parame-
terization study is carried out to determine how sensitive the output power is to change in
pitch ratio and beam current.

Introduction

From the mathematical point of view, the study of the cyclotron resonance interaction of
the cavity fields with a relativistic electron beam in the gyrotron has largely been carried out by
means of two analytical approaches, namely, via a dispersion equation based on plasma physics
and through ballistic methods considering equations of motion and particle trajectories [1]. The
first method lies in the analysis of a dispersion equation for the beam eigenmodes and the cor-
responding search for instabilities in the form of a complex solution, that may be interpreted
as a growing space-charge wave in the beam, which is in synchronism with the surrounding
electromagnetic structure. Although velocity spread and space-charge effects can be adequately
accounted for, this method is an example of perturbation procedure as the starting point is the
linearized Boltzmann equation, and further nonlinear extensions are a second-order approxima-
tion in nature. In the ballistic approach, the equation of motion for the beam electrons - thus
combined with Maxwell's equations for self-consistency of the solutions to be achieved - is in-
tegrated to give the particle trajectories. The energy exchange term v • E is then calculated
and averaged over the beam to solve for the problem of power transfer between the fields and
the electrons. This technique is most general regarding nonlinear analysis, since all possible
geometry variations of the fields and injection schemes of the particles can be taken into consid-
eration. However, this approach involves a vast amount of numerical calculation which is not
so illuminating during the early stage of the discussion.

Nevertheless, with the advent of high-speed computers, particle simulations can offer in-
sights that complement and enlarge those gained by traditional approaches, thus adding feedback
for improvement in theory. Gyrotron simulations using particles have begun since the 1980's,
either making relativistic predictions of the saturated RF output characteristics of a gyrotron
amplifier [2] or examining the scaling of the transient growth rate with the beam current [3]
Being fully nonlinear, simulation is then capable of handling growth in time and space from
linear through large amplitudes. In the particle model [4, 5], the motion of a large assembly of
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charge particles is followed in their self-consistent electric and magnetic fields. Although this
approach sounds simple and straightforward, practical computational limitations require the use
of sophisticated numerical methods that provide sufficient accuracy and stability to make the
simulations useful for many characteristic cycles of the beam.

In this paper, we report on a simulation study of a high-power, pulsed gyrotron operating
in the TE021 mode at 32 GHz. Simulations have been carried out on a 2½ dimensional, fully
relativistic electromagnetic particle code [4] and are aimed at the identification of the physical
process which determine the nonlinear saturation and the efficiency of the radiation production..
Beam equilibrium parameters are based on experimentally observed values [6] , and in all the
computer runs a monoenergetic annular electron beam with guiding centers located on the sec-
ond radial maximum of the TE0 21 mode is injected into the cavity to drive the electromagnetic
oscillations from noises. Beam currents of 5 and 1OA with pitch angle a = vi/v11 varying from
0.8 to 2.0 have been considered. For each value of current, optimization of the conversion effi-
ciency with respect to the external magnetic field has given 40% efficiency at a=l.l and 10A,
while for the low-current case the maximum efficiency has been 32% at a=1.3. Results of the
simulation are detailed in the second section and followed by discussion in the final section.

Results of the Simulation

Fig. 1 illustrates the elements of the particle modeling.

1.5- 0.25 - L

0,25 ..-. ....

0.5- -0.25

0.0 I 0.0 0 1 0
0.0 10.0 20.0

z (cm) z (cm)

Fig. 1. Real-space (r-z) diagram of the Fig. 2. Axial velocity vs. axial distance of
simulated beam at t=48 ns the electron beam at t=48 ns

Simulations are initiated by continuously injecting the beam electrons with prescribed pa-
rameters into the cavity The inlet is at the beginning of a downtapered section that ensures cutoff
for the operating mode. Thus little or no radiation propagates toward the left boundary, which
is assumed to be a perfect conductor in the simulation. In the output waveguide is inserted a
conducting disk having a resistance per unit square equal to the characteristic impedance ZTE of
the outgoing traveling wave that propagates to the right, that is, ZTE = 1/dc, where a- =0.2S/m
and d = 1.0cm are the conductivity and thickness of the absorbing disk. The absorber is placed a
quarter-wavelength from the shorted waveguide end, since for perfect conductor, the shorted end
quarter-wave guide represents an infinite impedance in parallel with the matching resistance.

In this sense, the output guide acts as an ideal calorimeter that absorbs all the radiation
from the quasi-stationary fields in the cavity, otherwise reflections at the right boundary could
have a significant impact on the dynamics of the wave growth process. The axial component
of the applied guiding magnetic field is constant over the distance 0•<z•<9.Ocm and decreases
linearly to reach a zero value at z=17.5cm, so that the spent beam is dumped beyond the output
taper, where the electrons are no longer in resonance with the wave. We have used over ten
thousand particles to simulate the beam and a mathematical spacial grid, having dimensions
0.2mm x 0.3mm, which is fine enough to resolve a Larmor radius in order to measure the charge
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density and then calculate the fields.
0.2 - I I- 1.0 i i

5=44keV
I= 5A
a= 1.4

0.4-

0.0 ,0

0.0 10.0 20.0 -1.0

z (cm) -1.0 0.0 1.0

Fig. 3. Transverse velocity vs. axial dist- Fig. 4. Particle positions in
ance of the beam at t=48 ns the parameter space

The simulations proceed discontinuously in time step by step, and at time t=48ns an injected
44-keV, 5-A beam with pitch ratio of 1.4 has clearly become modulated as shown in Fig. 1.
The corresponding plots of the axial and transverse velocities vs. the axial distance are given
in Fig. 2 and Fig. 3 at a time t=48ns when the RF fields have saturated into the simulation.
The azimuthal bunching (Fig. 3) is seen to result in dense groups of electrons with decelerated
transverse velocities. In spite of the electron axial velocity has been accelerated (Fig. 2), the
overall result is a net transfer of energy from the beam to the cavity fields as a majority of the
beam electrons become confined inside the initial guiding center circle (Fig. 4). The simulated
self-consistent axial profile of the operating TE021 mode is shown in Fig. 5 for £QB/W, = 0.97
where £QB is the relativistic cyclotron frequency and w, is the waveguide cutoff frequency. We
can distinguish the quasi-stationary cavity field confined in the region 0•<z•<9.Ocm and a pure
outgoing traveling wave that propagates to the right. This indicates the effectiveness of the
conducting disk in absorbing all the output radiation, thus preventing the wave from reflecting
back to the cavity.

20- 4.0-

S10-

.2 2.0-

-U= 0- OE
0,E

-10 I 0.0-
0.0 10.0 20.0 0.0 .20.0 ' 0.0

z (cm) f (GHz)

Fig. 5. Self-consistent TE021electric field Fig. 6. Frequency spectrum at the point
profile after the time of saturation r=lcm, z=17cm in the output guide

The associated frequency spectrum of the electric field at r=l.0cm, z=17.Ocm is given in
Fig. 6, which is characterized by a single-frequency component peaked at 32.03GHz, being
slightly above the 31.90GHz cutoff frequency of the regular section of the waveguide cavity with
radius 1.05cm. Fig. 7 shows the time history of the output power as determined by integration
of the Poynting flux across the observation section at z=17.Ocm. We see that the production
of RF power saturates at a time around 48ns, reaching a peak value of l10kW which translates
into a conversion efficiency of 50% for a 44-keV, 5-A beam with injection pitch-ratio of 1.4.
A parameterization of the gyrotron's settings were carried out to determine how sensitive the
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output power is to changes in pitch ratio and beam current.
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Fig. 7. Time history of the output power Fig. 8. Simulated pitch-ratio parameteri-
measured at the section z=17.Ocm zation of the 32GHz gyrotron

The results of this study are presented in Fig. 8 which shows the output power as function of the
pitch ratio with the beam current as a parameter. The output power was optimized with respect
to the applied magnetic field, and we see that the maximum values of both output power and
efficiency increase with beam current.

Conclusion
The operation of 32GHz gyrotron was examined using an electromagnetic PIC code that

provided a comprehensive picture of cyclotron resonance interaction of TE-mode cavity fields
with a helical electron beam. That the relativistic angular bunching dominates over the axial
bunching (that originates with the RF magnetic force) can best be seen by evaluating the ratio
of axial to relativistic angular bunching rates which may be expressed as (fR/fB)(1 - fi/f'),
where fB = 2.8B(kG)/y 0 , fR is the cavity resonance frequency, and f, is the TE02-mode cutoff
frequency. Taking fR = 32.03GHz, f, = 31.90GHz, fB = 31.10GHz (B=12.03kG, injection
energy =44keV) the bunching ratio is of the order of 10-3, and therefore the relativistic mass
shift is responsible for the gyrotron interaction mechanism.
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2D SIMULATION OF FUEL IN TARGET INDIRECT-DRIVEN BY PROTON BEAM

By Keishiro. Niu

Teikyo Heisei University
Uruido, Ichihara, ChUba 290-0193, Japan

ABSTRACT
To investigate the non-symmetric effects on the implosion motion and the stabilities of the burning

wave in the fuel layer in a target, two-dimensional simulations are carried out by using the spherical
coordinate. The phenomena are assumed to be symmetric around the polar axis. For the case in which
the implosion is not spherically symmetric and the real implosion center is deviated from the spherical
center, the value of radius r is allowable to take a negative value for a given direction.

The results show that the non-symmetric implosion motion invites the increase in the local fuel
temperature and density. Thus the burning fraction rather increases with the non-symmetric degree
of the implosion motion of the fuel in the case of a target with a practical size for fusion.

1. INTRODUCTION

Through experimental research using large laser facilities, target physics are becoming clear for
both direct- and indirect-driven targets (McCrory 1991; Storm 1991; Yamanaka 1991). One dimen-
sional simulations have been carried out to clarify the mechanism of the implosion of the spherical
target (Niu et al. 1988; Deutsch et al. 1989; Hoffmann et aL 1989; Niu 1993).

To investigate the symmetry and stabilities of the implosion motion of the target, two dimensional
simulations must be applied to the target. Recently, an analysis has been made for an indirect-driven
reactor target (Tahir & Deutsch 1991), besides the small target (Murakami & Meyer-ter-Vehn 1991a,
1991b; Tahir & Arnold 1991).

Because spherical symmetric beam irradiation on a target surface is not expected in the case of
proton beam, the target should be an indirect-driven one and have a large radius. Here, the target
consists of two shells and five layers; tamper, radiator, radiation gap, pusher and fuel. The total
radius of the target is r =- 8.716mm. The DT fuel mass 23mg is included in the target. The target is
irradiated by the six proton beams, whose beam energy is 12MJ, pulse width 30ns, and particle energy
4MeV. According to the one-dimensional simulations, eighty percent of the beam energy deposits
in the radiator layer. The temperature of the radiator layer increases from 8K to 1.61keV and the
radiator layer emits soft X-rays. The pressure of the aluminum pusher (absorber) reaches 1012 Pa at
TAI = 200eV. This pusher pressure accelerates the solid DT fuel toward the target center. At 3ns after
the acceleration, the implosion velocity of the DT fuel arrives at u = 3 x 105m/s. The supersonic flow
of fuel in the decreasing cross section inside the void of the target compresses the fuel adiabatically.
Finally, the fuel has the density pi = 220p, (solid density), the temperature T1 = 4keV, and the fusion
parameter < pfR >=35kg/m2 . The burn fraction of the fuel arrives at 35% . Thus, a target yields
the fusion output thermal energy of 3GJ.

This article wants to show the non-symmetric effects on the implosion of the target. From the
limitation of the memory size and the computational time of our computer, the implosion motion of
the fuel layer in the target is analyzed by two dimensional simulations. The fuel layer is divided into
pieces with respect to the radial direction and azimuthal directions, the most inner layer represents
the vapor one at the central part of target and the most outer layer represents the Aluminum pusher
layer surrounding the fuel.

2. GOVERNING EQUATIONS

The governing equations are the equation of continuity,

at + V.pv = 0 
(1)aOt

equation of motion,

PT (2)t--+ pV v2 + v PVX(V xv) =-pF -Vp + IAv()

and equation of energy,

pf + (v.V)e} = -pV.v + V.J + S (3)

Here p is the density, t the time, v the velocity, F the force, p the pressure, pu the coefficient of artificial
viscosity, e the internal energy, J the thermal flux, and S the energy source.
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In our case, F = 0. For a low temperature T, the thermal flux J is usually expressed with the
coefficient of thermal conductivity A as J = AVT. Here, however, J is expressed using the flux limiting
theory by

J = (3mT ) /2 ee (4)

2k

where m is the particle mass, k the Boltzmann constant and e the unit vector toward the temperature
gradient. The modification factor f is chosen as f = 0.1.

As the energy source S, thermal energy released by fusion reaction is taken into account,

S = _ < aV > (5)
4 m

where < ov > is the mean value of the product of the cross-sectional area of the fusion reaction and
relative velocity. Usually < av > is expressed by

121.16 x 1i07-2 1.16 x 1T)13
< av >= 3.68 x 10-12( )_2 3exp[-19.94 X (1 T )1/3] (6)

as a function of the temperature T(K).
The equation for DT fusion reaction is

1D2 + T3 =2 He4 +0 n' + 17.6MeV (7)

The reaction energy 17.6MeV releases as the kinetic ones of a (He) particle and the neutron n. The
energy is divided into kinetic energies of two particles in such a way that the total momentum is zero.
Thus the kinetic energy E. which a particle has is

1-9
E. = 17.6MeV x 5- = 3.52MeV = 5.64 x 10-J (8)

The neutron which has 14.1MeV escapes from the plasma because it has no charge.
As the equations of state among p, p, e, T, data in SESAME Library are referred. The followings

are our approximations.

P, = 5.405 x 103pT
S), z =1.6 + 1.795x - 0.1132x 2, P2 = 1.0 x 109 exp(2.302z) (9)

p = max(P, p2)

ei = 3.625 x 10 4 T
x = ln( =), z 1.3 + 1.256x + 0.0896x 2 , e2 = 1.0 x 10 6exp(2"302z) (10)

e = max(ei, e2 )

T 3.625 x 104

The governing equations are transformed to the Lagrangean forms as

ayv = -vp +,Av (12)

0e 3m 1/2 oeVT"/2.ep•t = -pVv +(--) 2k . .

+2.659 x 10-26( P-)2T-2/3exp(-4.514 x 103 T-1/ 3 ) (13)

the equation of motion being omitted.

3. TWO DIMENSIONAL FORMS IN SPHERICAL COORDINATE

The governing equations (12) and (13) are expressed in the spherical coordinate (r, 0,0). To
simplify the calculation, the phenomenon is assumed to be independent of .. That is, a/0k = 0. The
r component of the equation of motion is

aV, ap 02v, A a0v,
- + A- + --- (14)

a~t Tr 8r2 + 02
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Fig. 1. Spherical implosion. Fig. 2. Implosion with the third mode.

Fig. 3. Implosion with the fourth mode. Fig. 4. The maximum temperature, density and the burning
fraction versus the degree of in-homogeneity.
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The 0 component of the equation of motion is

avo 1 Op 0 2 v9 p 0g V(
P r + (15+ r) a0'1

the equation of energy is
Oe p Or2 eT 1/ 2  p a sin OeT 1 /2

POt r2 Or + rsin0 80

3m1"2( 1 +r2v, 1 Osin OeTV2+f(-S) + rl0 o
2k r2 O r sin 0 80

+2.659 x 10-2( _L-)
2T-2/ 3exp(-4.514 x 103T-l/a) (16)

4. INITIAL AND BOUNDARY CONDITIONS

The DT fuel in the target has the initial temperature 8K and density 192kg/m 3. The fuel layer
is divided into meshes regarding to r and 0. The most inner mesh in r represents the saturated vapor
which is assumed to have a constant value 7 x 107 Pa inside the DT fuel layer. The most outer mesh
in r represents the Aluminum pusher which gives the pressure on the fuel surface to implode. The
pusher pressure rises up from zero to 101 2Pa during 3ns and keeps constant during 27ns. The fuel
layer implodes toward the target center pushed by pusher, compressed and heated, and burns.

5. SIMULATIONS

For simulations, three in-homogeneities are given as follows:
1) The pusher pressure with a mode number regarding the azimuthal angle.
2) The pusher radius with a mode number.
3) The pusher thickness with a mode number.

Simulations are carried out for several mode numbers. Cross-sections of the fuel layer are shown as
a function of a sequence of imploding time. Figure 1 shows the spherical implosion. Each snap is drawn
for each 10ns. Figure 2 shows the third mode with 15% in-homogeneities for three kinds described
above. Figure 3 shows the forth mode. Figure 2 and 3 indicate that cross-section keeps similarity during
implosion before arriving at the center. The maximum temperature, maximum density appearing in
the fuel layer, the final burning fraction versus the degree of in-homogeneity are drawn in figure 4.
The maximum density rather increases with the increase in in-homogeneity.

6. SUMMARY

In this simulation, the void inside the fuel layer is assumed to be filled by the saturated DT
vapor at 8K with a constant pressure 7 x 1012Pa. Our target has a practical size, namely, the fuel
mass is 23mg. Although the effect of larger momentum of the pusher is neglected in the simulation,
the momentum of the imploding fuel plays a role on fuel compression and heating. Through our
simulations, it is turned out that the fuel layer keeps the regular shape before the colliding with itself
at the target center, even in the case with in-homogeneities regarding the pusher pressure or the fuel
geometrical shape of the fuel layer. Surely more precise two or three dimensional simulations must
be carried out to study the effect of non-symmetric implosion on burning fraction of the fuel. But
at present it seems that the spherically non-symmetric momentum of the fuel produces the local high
density part, which leads to a high burning fraction.

The fuel burning occurs during the expansion of the fuel. In our simulations, the pusher pressure
1012 Pa continues during 30ns. The inner surface of the fuel layer arrives at the target center 20ns after
the start of implosion. At 60ns after the start of implosion, the burning fraction of the fuel remains in
a small value. At 300ns after the start of the implosion, however, the burning fraction reaches unity.
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Geometric Methods to Treat Energy Transport Phenomenons
Cord Passow

Kolbergerstr. 28c D-76139 Karlsruhe

Epistemological, the method to consider geometrical forms as a physical para-
digm, was founded by A.Einstein 1921. But even in spite of the dispute about the
ERP 1 paradox, his notion was not appreciated by technical physicists. For exam-
ple, Poynting's formula to calculate a magnetoelectro power flow is yet part of
their curriculum. Of course, the mathematical procedure is in agreement with the
Hl-theorem2 But the physical theory is not well posed and not proper embedded
in the Minkowski space Rý,). Let be Poynting's theory characterized by his at-
point integral

fs9dS f(ExH)dS {(JEdV+ 1/a(E 2 ±H 2 ))dV [J/s]

Obviously, in the time independent limit, the expressions of magnetoelectro dy-

namics and statics, are not in agreement. Moreover, the-current term J E is nei-
ther nor supported by I. Newton's kinetic or H.Lorentz's field forces,. The so
called Poynting vector g = E x H., representing an energy flux, can not be un-
derstood phenomenological. Therefor, here a system theory is presented, to
combine fluid and magnetoelectro dynamics in Liouville's phase-space.
{, v } e R1, with x={x, x2, x3} ;v={x, v 2, v 3}.

1.1 Spatial-time or Phase-space Embedded Fields: I.Newton's kinetic, based on
the natural law action equals reaction, is describing acceleration and the bend-
ing of trajectories of ponderable objects. It is embedded in the time space
Rc Rý,; L.Euler's current in the spatial-time space gi--•{( , t} e R4. space
{,x, t} e R4. Consequently I.Newton's law must be argument transformed to
get L.Euler's and H.Lorentz's laws. An argument map, is based on the equality of
functions with exchanged implicit variables 0 (t (x)) / 0 (x (t) ). But precau-
tions must to be taken if differentials of Minkowski functions are considered. Let
the acceleration law be written as matv(t) = K(t); and
V (t(x) ) =- V(X (t) ); at X(t) -= V(t) ; M (V =M (1 -/#2)-11.withfl= v/c; ; c
the principle velocity limit. In the case limes v ', 0, the kinetic and the pondera-
ble mass are identical. Now, comparing the time derivation of I.Newton's and
L.Euler's velocity representation a~t x (t) = v (t), and v = v (x), it follows

3

atv(t)=axv(x)atx(t) =_ v(x) av(x) with v(x) e R [1]

Argument mapping is needed also to embed magnetoelectro time differentials in
the R? as at D (,u) Q- ( v ) e Mv and at B (p ) i--+ B ( v ) e M,. The vector compo-
nents in the direction of the cartesian unit vector { u,, u2, U 3 } are given by terms
of the type a,, D, vi u, with i, n = 1, 2, 3.

1.2 The Phase-space Embedded Magnetoelectric Dynamic: To treat a plasma
flow, it is necessary to embed a fluid theory together with Maxwell's magnetoe-
lectro dynamic in the same topological space. The classical steady-state is em-
bedded in the R/, what is easy to be done for the flow-lines of a dynamic prob-
lem, since they can be embedded in the simplex manifold M. F-+ RX, considering
local movements as Lie's mobility. Similar, a steady-state magnetoelectro dy-
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namic can be constructed with atD•(D ) D(v) and a, B (/)-at (v). Then
the Laplace type

Maxwell equational system 1. curl curlH (v) curl [a(v) + D(v)] [2]

2. curlcurlE (v) -curlB(v) 3. graddivE(v) = gradp(v)

also can be embedded in the R6. In this form the magnetoelectric equation may
be used to calculate the curvature of a magneto electro field out of a scalar field
p (,) and a vector current. Now, discussing physical constraints, it is meaningful

to apply the div-operator on curl H -J +D 0. Now since div curl ,=0,

Euler's law of global continuity div [J(v) + Q(v)] - 0 with - pJ(,=x) (,•)

follows. If the entire initial conditions are given, with the flux densities D and B
also then this generalized steady-state magnetoelectro equations are well posed.
Worth mentioning is, the magnetoelectro field components are natural connected
by the asymplectic symmetry3 .

1.3 Topological Embedding: To implant the system Eq. [ 2 ], two point manifolds
are needed. The MI " R3 and the MWk-4 RI are necessary. Static and background
fields, only parametric dependent on the time, can be embedded direct in the Rx3
But moving physical objects, must be embedded in a compact symplectic mani-
fold, allowing to construct a directional field pattern to carry a velocity distrib-
ution. Moreover since the canonical field theorem4 of geometric physics allows

to express the generalized coordinates q " 0 (,X) and p ' ax4o (,x) by a Hilbert
pair of vector functions, it is obvious, physical fibers must be embedded in the
M3-RX. But Maxwell's theory must be embedded in the M,, to connect any mo-
mentum with its local position. Only then, an acceleration process requirering to
treat retarding and relativistic effects can be treated properly. Finally, worth to
be mentioning is, the mathematical form aI' can have two physical interpreta-
tions.In'the Schrddinger theory, that of an energy; in a kinetic theory, that of a
curvature which is geometrical geometrical spoken, similar to a "one velocity
vector component" acceleration.

2.1 Evolutionary development of Steady-state Fields: Different, as in a at-point
theory, geometric physics is used to calculate global physical curves by an ev-
olutionary process. Following A.Einstein, a Laplace type equations, with an actu-
ator enforcing curvatures is used. Let be

Aý(x, t) + N (x-, t) + R 0 with R the actuator and T the ansatz [3]

Respecting Ref. [2], then T' (_ , q- (x• ) and axT1( x ) F-4 ( , ) can be interpreted
as a Hilbert coordinate pair of generalized canonical geometrical coordinates. In
the following context linear theories are used by didactic resons only, that me-
ans vector and scalars functions will not be different denoted in the following.
Worth to be mentioning is, Eq. [3] is not considered as an at-point equation and
therefor not solved by integration. As assumed to be derived out of a Poincar6
Lagrange functional, the Eq. a[3] is used to calculate momentum-map 5 fibers
f(, x) with the help of an evolutionary theory. Therefor the entire solution of Eq.
[3] must be constraint by the rules of: the mathematical curve theory; the initial
Lagrange conditions; and the natural symplectic structure of nature. This const-
raints may be demonstrated by the entire solution of a linear Laplace equation
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as '14--,f(x) = c0 + ClX - C2Dxf/(X) + C3?r (x) with n (x) a partial solution of Eq. [3].
The Taylor expansion of q (x) is to be given by a series, with r73 x3 the lowest pow-
er term. To get the physical solution the coefficients of an expanded fiber and
those of the expended actuator must be compared. To construct a momentum-
map, the matrix of H.Weyl's 6 symplectic group Sp(2n,R) must be formed. This
map is used to transform the transversal coordinate pair ,q, ,p } to { rq, rP }. The
related algebraic equations are

rq=,q(1 -axn)+rP((x+n) and rp=-,q8~n ± ,p(l+±xr/) [4]

The linear part of an ansatz function f(x) = r1o + nilx are considered as at-point
values, related to the kinetic initial conditions. To calculate field fibers defined in
the Rx3, the ansatz function, as well as the actuator function must be a vector
function P(x) and the Laplace operator is calculating the curvature and tortion of
fibers. To emphazise the phase-space aspect of the Laplace theory, it may be
mentioned, a linear Laplace equation can be transformed by A.Cohm's 7 Lie
group Ug in A.Vlasov's first order differential equation, to calculate one particle
phase-space distributions. But then, results are not given in terms of Hilbert co-
ordinate pairs.

2.2 Step by Step Constructing of Fields: Fiber-lines and, auxiliary surfaces
Sx e Rx3 are the elements to construct a dim =3 field net, constituting the frame
of a momentum-map atlas. Then the net nots are given by surface points marked
by crossing fiber-lines. Net and atlas are build up step by step calculating charts
out of genetic points Z (,x) e ,S. Therefor charts are carrying pictures the func-
tion embedded simplex used to define initial conditions. And consequently the
the recording surface rS =_ ,S acts also as the following initial surface, and the
following matching fiber can be constructed. This must be done step by step un-
till the atlas end is reached by a continuous fiber-line, which represents a phys-
ical curve, an orbit, trajectory and flux- or flow-line. Obviously are fibers used to
map positions, and if they are constructed following the canonical rules of phys-
ics, they are able also, to map arguments of functions, representing a geometric
position, as an embedded momentums mv (,x)f-"mv(rx) or Intensities as
(D (,x)H-,D4 (rX) from one surface to an other. Now, any initial point ,x e ,S always
is considered as a Hausdorff simplex, carrying three kinds of initial conditions:
kinetical; functional; environmental; Here it means: Kinetic, Lagrange initial con-
ditions; Functional, Intensity profiles; Environmental, historical futurity and neigh-
bor informations. To visualize the construction process of a initial simplex
Z (,x) e R3., a pull-back sphere with its center at ,x is imagined. It encloses a very
small, at ,x centered genetic plane Sx c RI, which is the source of five parallel
fibers, constituting a fiber-bundle carrying neighbor informations, part of the en-
vironmental initial conditions. The distance between two fibers of a bundle must
be of the order of e' the model accuracy scale. Kinetic initial conditions of fibers
are to be calculated respecting E.Cartan's geometry, what means, a Hilbert pair
is introduced as {i, curlo} and given by three parameters. A virtual radius vec-
tor and the two Euler angles. The angles are fixing the initial direction, and the
amount of the virtual vector gives the initial speed value, by applying the curl-
operator. For numerical evaluation of a genetic point a fiber bundle and therefor
the pull-back sphere must have a finite diameter of the order of .Z But an ideal
genetic Hausdorff simplex, is received by reducing the pull-back sphere radius to
the limes zero. To take boundary conditions into account, fibers are constructed
along the model walls.

2.3 Global Continuous Physical Solutions: Respecting the desired accuracy the
length of each fiber calculated with the help of a canonical Laplace evolution
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equation, represented by a Taylor expansion can be estimated with the help of
the standard error term v(bx -• '). This way, also the position of the following net
nots and therefor, the next atlas surface is fixed. And a fiber bundle can be used
to generate a new initial simplex embedded in the ,S. The difference form
bf(x ) - (f( x + 1/z &P ) -f( ,x - 1/2 , ) )e-1 shows the connection between future
and historical initial values. Therefor, if the length of a regular fiber is given by
L (,x) auxiliary fibers with a little bit shorter or longer length to improve the nu-
merical accuracy may be used. Since two succeeding fibers must be connected
continuously it must be true [ (f-- f)(Df- -af)] [(f- Oaf)( ay- a)]-I = a
with a = 0 v 1 v o, Staudt's (1798) continuity theorem. And the 3 rd order deri-
vation of a fiber must exist. Consequently, the curvature and torsion terms are
included also. Now at any point ,x ,x e S,, the kinetic initial conditions of the
succeeding fiber are defined. If there are no acceleration forces present in the
evolution direction, the balance of the total momentum is found with divp (x) = 0
the invariance.law at the point ,,x. In the case of a very powerful acceleration or
deacceleration process the kinetic mass can be corrected with the help of the law
of energy conservation. Respecting Laplace magnetoelectro dynamics, worth
mentioning is, the vector fields can not be split with respect to Gibbs corollary
into a curl-free and a div-free part. This since obviously, equations like
div D (,X) = p (x•) are physical laws, connecting two fields of different structure.
However, Maxwell's construct is a theory.

3.0 The Generation of Numerical Results: Since supercomputers allow to evalu-
ate even complicated systems step by step, to build up a virtual physical models,
the basic physical system theory must be designed with respect to the solution
theory. Moreover it must be possible to control resulting predictions with respect
to their qualitative correctness and numerical accuracy. In the frame of the here
proposed technique, the calculation procedure is divided into the phases: 1. set
up of the initial conditions; 2. Calculating the flux field; 3. calculating the intensity
distribtions. The initial conditions, necessary to construct the first atlas surface,
may be taken from experimental results and/or from auxiliary models. To test the
model accuracy, local and global invariance principles, defined at point or by fi-
nite surface or volume integrals can be used. Finally it has to be mentioned, the
here described method allows to investigate at point disturbances, as attractors,
bifurcations, that means the influence of critical phase-space points related to
background, as well as calculated fields. Self-consistent effects can be taken into
account by subroutines.

Especially thankful am I to Z. Zinamon Israel, E.Binz Mannheim FRG and S
Sternberg Israel/USA for helpful discussions, and instructions, also G Kessler
Forschungszentrum Karlsruhe FRG for supporting this work.
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1. INTRODUCTON

Pulsed-power diodes have been developed at the Forschungszentrum Karlsruhe [3] and
are the objects of extensive experimental [4] as well as numerical [14, 11] investigations.
The electrical behavior of the diodes is substantially influenced by a charged particle
flow forming a non-neutral plasma inside these devices. A detailed understanding of the
fundamental time-dependent phenomena (e.g., the origin of instabilities) caused by this
plasma requires the solution of the Maxwell-Lorentz equations for realistic configurations
with a very accurate replica of the border of the domain, where several kinds of boun-
dary conditions are imposed. An attractive method to attack this non-linear equations
numerically is the particle-in-cell (PIC) technique [7, 2]. As a preliminary to use the PIC
approach, the relevant diode domain has to be covered by an appropriate computational
mesh. Therefore, we adopt a grid model based on boundary-fitted coordinates resulting
in a quadrilateral mesh zone arrangement with regular data structure.

The numerical solution of the Maxwell equations in time domain is obtained by using
a finite-volume (FV) approach on a non-rectangular quadrilateral mesh in two space
dimensions. A very favorable property of these modern FV schemes consists in the fact
that they combine inherent robustness at steep gradients with accurate resolution [8].
In the context of self-consistent charged particle simulation in electromagnetic fields the
coupling of a high-resolution FV Maxwell solver with the PIC method is a new way of
approximation [11].

2. NUMERICAL MODEL FOR THE MAXWELL-LORENTZ EQUATIONS

The PIC approach circumvents the direct force calculation between charged particles by
introducing a grid-based and a mesh-free numerical model: On the computational mesh
the spatial and temporal evolution of the electromagnetic field generated by all charges
are determined, whereas the charged particles themselves are advanced in the continuous
computational domain. The evolution of the electromagnetic fields is given by the vacuum
Maxwell equations

tE - C2 7 x B --- ;+ V x E = 0B, (2.1a)
60

V. E -_ ; V- B = 0, (2.1b)
60

where E, B, p and j denote the electrical field, the magnetic induction, the charge and
current density, respectively. The basic features applied for the numerical approximation
of these equations are summarized in the subsequent sections.
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The dynamics of the charged particle ensemble inside the domain is determined by
solving numerically the relativistic Lorentz equations

Xk(t) = Vk(t) , Pk(t) = F(xk,vk,t) (2.2a)

F(xk, Vk, t) = Qk[E(xk(t),t) + vk(t) x B(xk(t),t)], (2.2b)

where the index k runs over the total number Np of charges. For that, we apply the second-
order accurate, time-centered leapfrog-scheme introduced by Boris [5]. The Lorentz force
(2.21)) acting on the charge Qk is responsible for the redistribution of the particles and
depends on the electromagnetic fields at the actual phase space coordinates (Xk , Vk) of
the kth charge.

The link between the grid-based and iresh-free model is established by interpolating the
fields onto the particle positions and by locating the charges with respect to the mesh zones
of the computational grid. Both actions are carried out by applying the standard area-
weighting interpolation scheme extended to boundary-fitted, quadrilateral grid zones [13].
The charge and current density assignment to the nodes of the computational mesh yields
finally the sources p = p (x, t; Xk, Vk, Qk) and j = j (x, t; Xk, Vk, Qk) for the subsequent
iteration cycle.

3. FINITE-VOLUME METHOD FOR THE MAXWELL EQUATIONS

The relevant formulation for the construction of FV schemes is the conservation form
of the Maxwell equations [12]

D
ou + :,j~u q, (3.3)

relying on the time-dependent equations (2.1a) only. In the present description we res-
trict ourselves to two space dimensions (D = 2) and, hence, the vector of the electric
field and magnetic induction u(x, t) = (El, E2, E3 , B 1 , B 2, B3)7 is independent of the x 3

coordinate. However, when deriving FV schemes this is not a serious limitation since
the extention of the methods to the three-dimensional case, for instance, on tetrahedral
meshes is straightforward. An interesting aspect of the form (3.3) is that the differential
operator is now considered as the divergence applied component-by-comnponent to the
physical flux fi(u) = ]Ci u(x, t), where the ,&i are constant (6 x 6)-matrices [12]. The
source term q in (3.3) does not depend on u and is essentially given by the current density.
As mentioned earlier, the computational domain is discretized by a set of quadrilateral
mesh elements Ci with the area V4. Introducing the average u' over the element Ci at
time t = t' according to u, = .f u(x, t') dV, integrating each component of the ho-
mnogenous equation (3.3) over the space-time volume C', x [tn, t",+'] and applying GauB's
theorem, we get the explicit FV scheme in conservation form

4
ri+1 7. u1 /2 (3.4)

where the numerical flux G, 1 /2  (2 [f)

propriate approximation of the physical flux normal through the side Si,, of Ci. Further-
imore, At = in+l i-t and nQ() abbreviates the jith component of the outwards directed unit

normal at . To incorporate the source terms into the FV algorithm (3.4) a splitting
method proposed in [9] is applied.
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It is obvious that the explicit FV scheme (3.4) is completely declared if the numerical
flux is specified as a function of u' t . To carry out this main task in the context of FV
approximation, we compute the numerical flux with the aid of the solution of a Riemann
problem (RP), which is an initial value problem with piecewise constant initial data [8, 12].
In the p1resent case of the linear hyperbolic equations (3.3) the exact solution of the RP
can be determined with the theory of characteristics. By the use of this solution, the local
structure of wave propagation is directly incorporated into the numerical approximation,
being the reason that the scheme is inherently very robust and able to resolve steep
gradients without generating spurious oscillations.

A conclusive advantage of the RP based FV approach is the proper specification and
implementation of boundary conditions. This is achieved by formulating an inverse RP
whose solution yields the proper values which are prescribed at the border of the domain.
A detailed description of these techniques including the numerical realization of physically
occuring as well as computationally motivated boundary conditions is given in [12].

The outlined FV scheme is only first-order accurate in both space and time and in-
troduces too much numerical dissipation for practical calculations. To remove this lack,
well-established techniques can be applied reviewed, for instance, in [12]. The resulting
second-order accurate FV upwind-scheme is algorithmically realized as standard Maxwell
solver in the KADI2D simulation program.

4. HYPERBOLIC CHARGE CORRECTION APPROACH

It is a well-known observation, that the different steps of particle treatment introduce
numerical errors and, consequently, charge conservation is not guaranteed on this discrete
level of approximation. To get out of this numerically caused lack sophisticated correction
techniques to enforce GauB's law have been proposed [6, 5, 10]. Here, we describe the
correction of the electric field, as the discrepancy in charge conservation only affects this
quantity. For that, we introduce the Lagrange multiplier D similar to Assous et al. [1],
retain Faraday's law and replace Amphre's and GauB's law by the strictly hyperbolic
problem

OtE - C2V x B + c 2 V.1 X-2at• + V . E = P (4.5)

where the magnitude of the parameter X has to be estimated numerically. This system can
be written as a hyperbolic evolution equation in the form (3.3) but now with the vector

U(x, t) = (El, E 2, E 3, B 1, B2, B 3, 4 ))T. A detailed analysis of this system reveals that the
information of correction does not spread out with infinite speed but with finite velocity

X c, where X is assumed to be larger than one. Empirically, we found out that X has to be
chosen between two and four, leading to a severe restriction of the time step size given by
the CFL-condition. Nevertheless, an efficient solution for large values of X is possible by
splitting up the system (4.5) (plus Faraday's law) into the evolutionary Maxwell equations
and a correction system, containing all the terms involved by the Lagrange multiplier [12].
Then, a sub-cycling procedure for the correction system can easily be incorporated into the
existing FV Maxwell solver resulting in an efficient hyperbolic correction scheme, being
more the 20 % faster than the implicit charge correction approximation [5]. Furthermore,
the hyperbolic correction approach is parallel in nature and, consequently, fitting in an
excellent manner in our parallelization-endeavor of KADI2D .

The importance of electrical field correction is explicitly seen in Fig. 4.1, where an
electron beam is emitted at the cathode (x = 0) and accelerated to the anode (x = 0.1m)
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FIGURE 4.1. Self-consistent electron beani simulation in an external applied
electrical field without charge correction (upper row of plots). The results en-
forcing charge conservation by the hyperbolic correction technique (X = 3) are
given in the lower sequence of pictures.

under the action of a constant external field Ej. The upper three plots show the simula-
tion results where no charge correction is performed: The electron distribution indicates
(constriction and filamentation of the beam while nonphysically gradients are observed
in the electrical field both as a consequence of numerical errors in charge conservation.
The situation is drastically improved towards physical reliance (lower row) performing
the proposed strictly hyperbolic charge correction with X = 3.
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The vacuum coaxial transmission lines with conducting electrodes and a gap between
them of the order of some cm may be used to transport electromagnetic pulses from its
generation side to the load. However, the propagation of megavolt-range electromagnetic
pulses through vacuum coaxial lines leads to the explosion of microtips and the intense
emission of electrons as a result of the high radial electric fields at the surface of the negative

electrode E - 105 V/cm [1,2]. Electrons do not strike a positive electrode in case of
sufficiently high magnetic field B,, > Er inside transmission line, thus providing a magnetic

insulation effect [1,2]. Because of the appearance of electrons in the interelectrode gap, the
energy transport can be reduced to the simultaneous propagation of electromagnetic fields and
electron flows. In [1-4] the minimum energy principle was formulated and further the wave
regime of the magnetic self-insulation was analyzed theoretically and experimentally, so
giving a possibility to investigate basic processes in MITL. These processes are accompanied
by electron leakage and the current and energy losses. The most simple and effective tool for
the description of the magnetic self-insulation wave is the telegraph equations. They were
firstly introduced in connection with MITL in [5] and then further developed in [6].

Some times ago the POS approach was discovered. It gives a possibility to sharpen the
wave front of electromagnetic waves (EMW) by current switching during a very short time.
The propagation of EMW through the plasma medium is very important for this and other
applications. The propagation of the EMW in vacuum and in plasmas is completely analogous
from physical point of view [2]. The vacuum self-insulation can be considered as a usual
shock wave, because the evolution condition is fulfilled [1]. It is worth to mention that for
some applied problems interesting results were recently described in [7,8]. However, in the
consideration of electron equilibrium in an arbitrary MITL configuration we use more general
principle of the system energy minimum [1-4]. For modelling of a non-stationary MITL we
used fundamental results, described previously in [5] and developed finally a fast numerical
tool capable to analyze different MITL geometries.

Physical model

Further on, we will consider the main physical features of the MITL, which are essential
for the non-stationary self-insulation phenomena. We assume that the conducting electrodes
of the MITL have an infinite conductivity. As it was mentioned above, the most important
feature of the megavolt diapason EMW is the explosive emission from the cathode. For such

emission and due to the conservation of energy e, momentum P, and vortex f, all these

parameters equal zero at the cathode surface. In particular, due to such conservation laws the

most natural equilibrium for electrons is the Brillouin one, wherefQ = 0. However, these
conservation laws may be violated as for more complicated configurations, as for instabilities.

For example, the violation of the vorticity conservation can be manifested as 2 • 0, what
results in generalized Brillouin equilibrium considered below.
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Thus, we will use the hydrodynamic approximation for cold relativistic electrons
_ e -dn
=-e -[ x •×], - + V(ni) = 0 (1)

dt c dt
and Maxwell equations

- 47r - I dE - 1dB3
[V xB] = --4env +-• [V x E]=_--- (2)

c c dt c dt
The equation (1) can be transformed to the form

XP + V-pnc2 +.IV(rB 4)+__r d[ xi] =-e (3)d 41r q 47rec I at

where I = B /nr is the Lagrange invariant, which is equalized in space according to the

earlier developed theory [9]. Let's introduce the dimensionless functions b= -B-,v = n-, and

dimensionless coordinate wor/c-- r. With the help of 1{ = 4znyrc2, one can obtain the

following equations
,vr=b -d y d (rb)d, v=--r +Ad (rb) (4)

dr vr dr r dr ldr dr J
1id r} - IB~c 2 4 Lle~fr

Here y = (1-g 2)- 1/2 ,g= I---(r- ),a 4L r2 w o C °)° - m

yr dr ý D, 0 M

As it was shown in [9], these equations can be integrated and the final relation between y

and the dimensionless current i= m 1,r) is given by equations (here Ia is the total

current in the MITL)
y - 1 = (I + A/c ){chili - 1 + (s - 1)Vzsh y/}, i = (I + Ai, )s Vfch V (5)

Eq. (5) describes the generalized Brillouin equilibrium, which is reduced for 1=0 to the
usual Brillouin equilibrium and the usual minimum current expression [ 1,2].

One can calculate the energy related to the unit length in the MITL

W = 2r rdr n(, - 1)mc 2 + b2 (6)
rcI

The above results allow presenting the energy expression in the following final form [2]
2

4W= - 21 nr)+ U2 I(- lnrj raE + U j(7)C ,r• In r, - ,•)ln r (7) I

!rc) I rc)

It is seen from this equation that for the purely vacuum line, where there are no electrons
in the line gap, the last term in. (7) is zero. In' the presence of the electron emitted from the
cathode, the influence of such term decreases the total energy W in MITL.

The non-stationary regime of the magnetic self-insulation can be considered starting
from equation (2). After introducing of the scalar (D and vector A potentials, (2) can be
presented in the form

=-v -I=[VxA]. (8)
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First telegraph equation (TE) can be obtained from the condition E, = 0, where E, is

the tangential component of the electric field on the electrode surface. For the anode this
condition gives [5,1,2]

1iA dU (9)

c dt dt
where A - the total magnetic flux in the MITL par unit. The second TE can be obtained

from the r-component of (2) on the anode surface. This gives
dQ, + dl.=_j 

(10)
dt dz

Here we introduce the electrical charge Qa and the electron leakage current

= = 2h7TarjJ,, par unit length of the MITL. Quite analogous to (10) the TE on the cathode

surface can be introduced. It describes the redistribution of the cathode current and can be
useful for the non-homogeneous MITL [2].

V[ MV I Lakage[ MR/cm]

I[MR] Imin[MR]

VEMV] in-out I[MR] in-out Eff.

z t[ns)] tlns I tins)

Fig. ] Hot impedance, Pload = 5.71 ohm

Numerical method

Usual finite difference approaches do not provide the desired precision for the considered
problems, because of possible dispersion and dissipation errors. But here the equations can be

easily transformed to a characteristic form. After substitution Q = CO'D; A = I LI; p = L-
c ciC.

(where p - line impedance) we have

S+B•-f=(p ;where f= (IF=c 2  JI

Left eigenvalues of matrix F and corresponding eigenvectors are A± = +c / C = ±c;

1, = (1,±p). Fortunately, here it is possible to integrate the invariants analytically, so we have

(-_+ C.%R,± =-pcJ+cI -P (12)

Classical method of characteristics gives non-monotone solution in the case of
discontinuous impedance. So the nonlinear characteristic method was developed. It is based
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on the continuity of current and of potential during wave interaction. Such approach gives
precise solution in the absence of leakage, but it works perfectly well in general case also.

Simulation results

The proposed numerical approach is applied for the calculations of the non-uniform
transmission lines with the current leakage inside the gap. Fig. 1 and 2 present the penetration
of 3 MV pulse with 10 ns rise time in a complex line with a cylindrical narrowing. Line form,
the sets of spatial distributions, and evolutions of parameters at the input and the output of the
lines are drawn. Two practically interesting cases of impedance are analyzed. In the case of
hot impedance load, the losses are concentrated near the line enlargement, while for high
impedance load we have also a leakage at the exit. The comparison with PIC method confirms
the precision of simulation.

V[ MV Leaage[ M /cm]

I[MFI] Imin[MRl]

V[MV] in-out L[MR] in-out Eff.

jorm9

z tins] tins] t[ns]

Fig.2 High impedance load, Pload = 10 ohm
These results show that the proposed physical and numerical model provides very simple

and effective method of simulation for the magnetically insulated transmitting line.
Authors would like to thank to Dr H. Ghalia for fruitful discussions.
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Description of Problem

This paper is a result of a group of simulations used to determine the optimal
parameters for a pulsed power electron gun. As electrostatic codes such as PBGUNS tend to
be cheaper, easier to use, and have less stringent computational requirements than time
dependent codes such as MAFIA, it was desirable to determine those regimes in which the
electrostatic codes agree with time dependent models. It was also necessary to identify those
problems that required time dependence, such as longitudinal variation in an electron bunch.
PBGUNS was then used to perform the bulk of the optimization, with only those issues that
required time dependence being resolved with MAFIA.

The pulsed power gun has been discussed elsewhere [1] and consists of a diode with a
flat cathode and a flat anode mounted parallel to one another with an interelectrode spacing of
1 mm. The anode had a .5 mm radius hole allowing the bunch to escape the accelerating gap.
The cathode is biased at -1 MV, yielding an accelerating gradient of 1 GV/m within the gap.
The anode was 1.5 mm thick and was modeled as a perfect conductor and a perfect particle
dump. For the purposes of simulation, the gun was assumed to be cylindrically symmetric.
Figure 1 shows the simulated geometry of the gun in MAFIA, along with field lines and an
electron bunch from a typical run. Figure 2 shows the geometry as it was used in PBGUNS,
along with the equal potentials and particle trajectories from a typical run. Note that in
MAFIA, the z=O boundary is used as the cathode, and the potential of-1 MV is set on that
boundary, while in PBGUJNS the cathode surface is at z = 2.25 mm. The beam parameters
used for comparison were extracted as close as possible to a plane 2.25 mm from the inner
surface of the anode. This plane was chosen so that the particles could be taken to be in the
drift region, away from any fringe fields from the accelerating gap. All of the simulations
modeled emission from a .25 mm radius spot, but a variety of currents were modeled within
that spot, all with uniform current density.

Fig I MAFIA Gcome•ry. field lines and electron Fig 2 PB3GUNS Geometry and lirticle
bunch trajectories
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MAFIA is a software package that includes many electromagnetic simulation codes,
including both time and frequency domain solvers in both 2.5D and 3D. For this problem, the
mesh generator (M) was used to set up the geometry and mesh. For all of the runs discussed
below, a mesh dimension of 10 pim x 10 pm was used. The static solver (S) was used to
model the field present in the gun during the emission. The static solver solves Maxwell's
equations for a given geometry and set of time- independent boundary conditions. This
involves the implicit assumption that the applied field in the gun is constant during the
electron bunch duration, which is valid for the device being modeled. The field generated in
this manner was read into the 2D time domain particle pusher (TS2). The particle pusher
handles ejection and propagation of the electrons inside the gun. It is here that the bunch
duration is defined. A duration of 10 ps was used throughout the comparison, although the
effect of using shorter bunch lengths was investigated. The simulation is broken into finite
time steps (on the order of 10 fs for these simulations). At each time step the particles are
moved under the influence of the last calculated field, while at each half time step the fields
are updated due to the presence of the particles. The program combines groups of electrons
into macro particles to reduce the computational resources required. Typically 75000 macro
particles were used in these simulations, although fewer were used to model the shorter pulse
durations. The post processor (P) was used to extract the particle positions and momenta,
both longitudinal and transverse, at the plane of interest. The comparisons were made with
particles taken from the center of the MAFIA bunch, except where otherwise noted.

PBGUNS [2] is a PC compatible, 2-D code that solves Poisson's equation using
iterative relaxation technique on a rectangular array of squares. It computes trajectories of
charged particles in electrostatic and magnetostatic focusing systems including the effects of
space charge and self-magnetic fields. Either rectangular or cylindrically symmetric
geometry may be used. The Poisson equation is solved by an alternate column relaxation
technique known as the semi-iterative Chebyshev method. The transverse phase space plot
was extracted at the measurement plane.

Bunch Length Comparison

120

1 0 . . .. . .. . ... . . . (' • . d) - -

~40 -- - 4
inC ,10ps(1(flA)

--------------------
20.

-20 0.1 02 03 04 05 06

r(m ni

Fig 3 - MAFIA r-r' plot 1 nC. 10 ps, center 1% of Fig 4 - PBGUNS x-x' plot, 100 A. PBGUNS output

beam comes as x-x'. but for the cylindrically symmetric
case this is equlivent to r-r'

The first issue in the comparison of the simulation packages was "Where do MAFIA
and PBGUNS agree?" In comparing the results of the simulations, a current of 100A was
used, with a uniform current density emission from the .25 mm radius emitting spot. Fig 3
shows transverse phase space predicted by MAFIA for the center 1% of a I nC, 10 ps bunch
accelerated in a field of 1GV/m across the gap of 1 mm. Fig 4 shows the DC transverse phase
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space predicted by PBGUNS for identical conditions. The transverse phase space does not
vary significantly for bunch durations of 3 ps, Ips, and 300 fs. The agreement between
PBGUNS and MAFIA is very good, even for bunches much shorter than the gap transit time
of 3 ps.

High Charge Comparison
The treatment of space charge effects in high current cases was investigated for

MAFIA and PBGUNS. Table 1 gives the predicted maximum spot size, maximum
divergence and 1-a slice emittance (using the center 1% of the beam for the emittance
calculation) for MAFIA and the maximum spot size and divergence for PBGUNS for various
currents. The method used by PBGUNS to calculate the emittance is still under investigation.
For MAFIA, a bunch length of 10 ps was used. As shown on the table, good agreement was
found between MAFIA and PBGUNS for the beam radius and the max divergence. A current
of 1000A is not possible in PBGUNS, as it is above the predicted DC Child's Law limit for
this gun. The MAFIA results for a beam of 10 nC (corresponding to 1000 A in 10 ps) show
significant bunch lengthening in the gap. Thus while the beam is 1000A initially, by the time
it leaves the gun it has increased in pulse duration to about 13 ps, thus reducing the effective
current to -750 A.

PBGUNS MAFIA
CATHODE BEAM MAX BEAM MAX NORM.

CURRENT RADIUS DIVERG. RADIUS DIVERG. EMI-ANCE

Ampere mm mrad mm mrad c mrm-mrad

1 0.47 100 0.475 99 0.118
100 0.5 112 0.503 112 0.162
200 0.535 125 0.533 126 0.241
300 0.6 140 0.577 141 0.292
600 0.65 165 0.633 170 0.617

(*) 1000 1 1 0.707 173 2.16
Table 1 - Max Spot Size, Divergence & Emittance for IA, 100A, 200A, 300A, 600A, 1000A for PBGUNS &
MAFIA. (*) The 1000 A case is above the DC limit of Child's Law for the gun. The bunch length begins
stretching immediately after emission, so that the effective current is only - 750A.

Longitudinal Phase Space & Front/Back Variation
One aspect where time resolution is clearly required is the study of the longitudinal

variation of the electron beam, both in terms of energy and transverse phase space. Fig 5
shows the longitudinal momentum spread across the beam when the center of the beam is at
the measurement plane for a 10 ps, I nC bunch. It is interesting to note that this shape is
independent of charge - the absolute extent of the front/back variation is charge dependent,
but the shape is not. Fig 6 shows the longitudinal momentum spread for a 10 ps, 3nC bunch.

Longitudinal Momentum Spread Longitudinal Momentum Spread
I nC in 10 p (100 A) 3 p n 10 •(7O9A)

2.81 - - - - - - - -

2.8 . .. . . . . ..... . .. ..... . . . ... ... . . .. .... .299 - --.. . . . . - --.. . . . .. . . . . . . . . . . . .. . . . . .

2.797 - -.- - - 2 7. --.-

2.78 ... .. ...-.. . . .. ..

2.77 -------- -2

2.73

22 4 5

r (mm from cathode) z (mm from cathode)

Fig 5 & 6 Charge induced longitudinal momentum spread. Pz is in Pry.
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It is important to note that a DC Transverse Phase Space
code effectively measures only the slice 1 nC in 10 ps (100 A)

phase space (since there is no long. .20.dde

variation in the beam). Fig 7 shows the 100 .. . ..

MAFIA predictions for the transverse
phase of slices taken from the front,
middle and back of the bunch (relative . 0-

to the cathode). The variation from ---

front to back is small. It is important, -_0

however, since most diagnostic
techniques measure only the integrated -01 0 1 02 03 04 0.5 0.6

phase space, which would involve r(-,)
drawing an ellipse, which encompassed Fig 7 Longitudinal variation of the transverse phase space.
all three slices. The emittance
calculated from this ellipse would be
much larger than the emittance of the
individual slices.

Conclusion
A comparison of two codes suitable for electron gun simulation was performed. Good

agreement in transverse phase space values was found between the electrostatic code
(PBGUNS) and the time dependent code (MAFIA) for a variety of pulse durations, even for
pulse durations short compared to the electron transit time of the accelerating region. To
obtain values for the longitudinal energy spread and the variation of the transverse phase
space across the bunch, it was necessary to use MAFIA. The electrostatic codes have an
advantage in terms of required computational resources and run time, and are therefor a good
choice for modeling jobs in which the longitudinal energy spread is unimportant.

The authors would like to thank Harold Kirk for his assistance in utilizing MAFIA and
Vadim Dudnikov for his assistance with PBGUNS.
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Space-charge dominated beams can induce chaotic behavior of particle trajectories leading to
halo formation on the beam spot. This causes particle losses along the beam transportation that
must be minimized. The fractional losses must be kept below 107/m [1]. This is a very low
threshold to check with standard multiparticle codes. To study this kind of problems a new
particle simulation approach will be proposed in this paper in analogy with, the single particle to
core interaction model [2] which is the most used calculation technique applied in these kind of

phenomena.

Introduction

In these last years, growing interest has been addressed, from the international scientific
community, on the possible applications of high intensity ion beams. Among them, just as
examples, we can mention the energy amplifier proposed by C. Rubbia [1] and the
transmutations of radioactive waste. However high intensity beam transport poses problems
that need to be faced and solved. In particular, a halo formation has been observed around high
intensity beams, during the transport, that leads to particle losses. For high current and energy
beams the lost particles produce radio activation in the structures and the related radiation's can
damage the accelerator components. Because of this problem, it becomes very important to
study halo formation mechanism in the beam.
Multiparticle codes could be very helpful to this aim but it is very difficult to study this kind of
phenomena by using the standard multiparticle codes because the lost particle fraction, along the
transport, must be kept below 10'/m [2]. This means that the code should use a number of
particles of the order of 10+6, in the simulations, to appreciate this kind of lost fractions. This
number is very high and a very powerful calculator are needed to handle them.
Recently a new calculation technique, called Particle-Core Model (PCM) [3], has been
introduced to study the halo formation without using of very powerful computers.
The PCM solves the beam envelope (or rms) equation for a continuous beam which is used as a
model for the core of the beam. The core can be mismatched so that its radius, taken at the exit
of the transport period cell, will oscillate. The halo particles are represented by test particles,
which oscillate through the core influenced by linear external focusing field and the non linear
space charge fields of the core. The model allows one to study the test particles dynamics.

PCM approximations and PARMT code simulations

Although the PCM calculations allow to study the halo formation this is done by assuming
some approximations and then their influence on the PCM results should be checked by a
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comparison between its results and those given by a multiparticle code that do not have this
kind of approximation.
The main approximations assumed in PMC are the following:

- the envelope equation considers a constant uniform particle distribution that is not
physical.

- the space charge force, seen by the test particles near the edge of the beam, is incorrect
because in the envelope equation the particle distribution is assumed with a sharp edge

while, in the real life, it has a tail with a length equal to the Debye length k [4].
- the coupling, due to space charge forces, between the two transverse planes is
completely neglected.

In this paper a comparison test between the PCM results and the simulations of the multiparticle
code PARMT, modified to follow directly the results of PCM calculations, will be carried out to
check the PCM reliability.

PARMT is a Monte Carlo program that can transport an ion beam through a system of optic
elements by using the matrix method [5]. It has different technique for the space charge
calculation. Among them there are the 'Particle to Particle' and the 'Fast Poisson Solver' (FIS)
technique that can give, with a high precision, the electric field due to the particle distribution
step by step along the beam transport. The 'particle to particle' technique computes the electric
field directly from the Coulomb law:

q IX - "i

where xi gives the particle position. In this case the time needed for space charge calculation
increases exponentially with the number of the particle considered. High intensity beams
impose to consider a very high number of particles and in these conditions the calculation time
becomes too long. A high intensity ion beam requires ,in fact, the FIS technique that compute
the space charge electric field by solving the Poisson equation:

1
divE(.i) = p

where p(x) is the beam charge density distribution. The main features of this kind of
computation are shortly given in the following.
A mesh with a size d is superimposed on the beam. The particle charges are distributed among
their neighboring mesh nodes. In this way the problem of solving the Poisson equation is
reduced to solve a linear system of finite difference equations which can be solved with Fast
Fourier Transform (FFT). The computing time in this case is mainly determined by the number

of mesh points. However there is the constraint that if 2XD << d the simulations will present
some unphysical instability called 'aliasing' [6].
To compare directly the PCM with the PARMT results some modifications have been carried
out in PARMT. Mainly, two new features have been introduced: 1) an input file with the initial
test particles coordinates that can be read, if required, by the main program; 2) N output files,
with N number of test particles, where the test particle phase space coordinates along the
transport in the periodic cells (Np) are stored.
The PCM results given in ref. [7] will be compared to our PARMT simulations and then some
comment on this comparison will be given.
The simulations are carried out on a FODO cell period of length L=80 cm. The other input

parameter considered are: total transverse emittance,x,=cy=lX 106 mr; single particle phase

advance ao=60.7°; the space charge parameter (as given in ref [7]) t= 4x10 6 (corresponding to
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I= 95 mA) leads to a phase advance 7=30.4'. 40 test particle are used in PARMT. Their initial
coordinates are different from zero only in x position and have xl=0. 1 until x40=2 cm.
The phase space test particle trajectories given by PCM calculations , for the matched case, is
given in figla. In fig. lb are shown the PARMT results that can be compared with those of
fig. la.The more external phase space test particle trajectories are very similar in both cases.
However, very different test particle trajectories can be observed in the core region (near the
beam). In fact in this region, PCM calculations give trajectories of circular shape while PARMT
simulations give very complex trajectories.

<'::.. :•/ , . ., : .. -'K•,,
0-.

10

-10 10 a) , -, o ,o'
Fig. 1Phase space test particle trajectories computed by PCM a) and PARMT b), respectively.
Matched case.

This difference is mainly due to the strong coupling induced by the high space charge forces
existing in the core region. This coupling can be shown in fig.2 where the test particle
trajectories along the periodic cell transport are shown.

II fflIlA IIA .l I

[] a
inI -I],I :

-- ,2 -- 3 ,,

40 0 ao n ion • 40 80 so ion

Fig.2 Trajectories in x- and y-plane, respectively, for 4 test particles.

To check this point, a PARMT simulation with low current (I=0.5mA) has been done, and in
that case, circular shape trajectories, in the core region, have been obtained as in PCM results.
10 0l

i.,#,.• -" , ] Ok.i.,
':,' :o., ..

-.Z. " " . , .. "_._"'_ _ _

-o a)' -' ' "

-10 10 b)
Fig.3 Phase space test particle trajectories computed by PCM a) and PARMT b), respectively.
Mismatched case.

Another test for the mismatched case has been done with PCM and PARMT. The mismatch
used was 10% of the beam size and the results are shown in fig.4.. The PCM phase space core
trajectories show a substantial difference between the matched and mismatched case. In the
mismatched case the core trajectories have lost their circular shape and look like more chaotic.
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In the PARMT simulations more slight difference between the mismatched and matched case
can be observed. This different behavior between the two types of calculations can be explained
if we observe that in PCM mismatched case the envelope oscillates with constant amplitudes, as
said before, while in PARMT simulations a damping of the envelope oscillation has been
observed, as shown in fig 4.

DI

call

FA 100 160 = O 3W• 3 0 60t
Fig.4 xrm,(cm) and yr,,,(cm) vs Np (cell period number). The initial oscillations are due to
mismatching.

Conclusions

A continuous beam has been transported through NP FODO cell periods. The simulation
results obtained either with PARMT and PCM lead to the following conclusions:
- the more external phase space test particle trajectories are practically the same in both the
results of PARMT and PCM.
- the test particle trajectories in the region near and inside the beam are very different in the two
type of calculations. This seems due to the space charge coupling between the two transverse
planes.
- in PARMT the xrm, oscillations, due to the breathing of the beam when it is mismatched with
the cell period, damp very quickly when the space charge is strong, as in our simulations. In
PCM calculations, instead, we have a constant oscillation of the beam envelope. This means
that, in PCM, the test particle close to the breathing beam are influenced in very different way in
case of mismatch, as shown by the PCM calculations of the fig.la and 2a, and also stated in
ref. [7].
In PARMT, the difference in the test particle trajectories close the beam, between the matched
and the mismatched case, is more slight.
PCM calculations seem unsuitable to study very high beam current (1=95 mA) in the core
region.

REFERENCES
[1 ]C. Rubbia et.al., CERN/AT/95-44

[2]R. A. Jameson, G. P. Lawrence and S. 0. Schriber, Proc. PAC Washington, 1993.

[3]J. Lagniel, NIM in Phys. Res. A345 (1994) 405
[4]1. Hoffmann, CERN 87-03.
[5]J. Strukmeier, GSI-ESR-03 report.
[61R. W. Hockney, J. W. Eastwood,"Computer Simulations Using Particles", McGraw-Hill, Inc.(1980)
[7]A. Pisent et al., "Frequency Map Analysis Of The Chaotic Motion of An Intense Mismatched Beam In FODO
Channel" to be published on a DESY report.

-556-
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Abstract: Computer simulations with the 2.5D version of the nonstationary KADI2D particle-
in-cell code based on boundary-fitted grids have been started. Different numerical
experiments have been carried out to study the time-dependent behavior of the externally
applied-B ion diode. Typical simulation results for the self-consistent formation and
development of the bipolar flow are reported. Comparisons with stationary BFCPIC
simulations and with experimental data are presented.

I. INTRODUCTION

At the Research Center Karlsruhe (FZK) the computational physics programcontinued to
support the development of light ion beam sources (,,ion diodes") operating at the pulsed
power generator KALIF. Fig. I shows a schematic cross section of the rotationally symmetri-
cal, externally applied-B ion diode in the (z,r)-plane developed at FZK by Bluhm et al. [1].

The vacuum diode consists of a solid anode plate and a cathode ring. A Mylar foil
attached to the cathode ring seals the vacuum diode from the gasfilled drift space. Depending
on the ion species to be produced, parts of the anode plate are croated with an appropriate
material. These parts are shown dashed in the schematic diagram of the diode. The pulse
length is typically about 50 to 100 nsec, the applied voltage several MV and the gap distance a
few mm. The electron current follows the outer conductor of the generator to the cathode area
and to the cathode tip. Electric field enhancement causes electrons to be emitted mainly at
this edge.

Numerical simulations performed with the stationary 2.5D BFCPIC code [2] do not
reproduce the ion enhancement found in the experiment. For some early KALIF-experiments,
the results of the numerical simulation [3] and experimental data [1] do not match as can be
seen from Tab. 1.

Tab. 1: Experimental and numerical simulated currents

Experimental data [1] BFCPIC simulations [3]
Electron current 20 - 80 kA 40 kA
Ion current 300 - 450 kA 20 kA

Analytic work [4] and 3D simulations [5] of applied-B ion diodes have been carried out
especially at the Sandia National Laboratories in Albuquerque. These investigations reveal
that in pulsed power ion diodes two types of instabilities are dominant and, hence, responsible
for high ion currents: Early in the pulse a high-frequency mode is present followed later by a
low-frequency mode. The early high-frequency phase at 10 - 100 GHz has been identified as a

Universitat Stuttgart, Inst. f. Aerodynamik und Gasdynamik, Pfaffenwaldring 21, D-70550 Stuttgart.
2 FH Karlsruhe, Fb. Naturwissenschaften, Postfach 2440, D-76012 Karlsruhe.
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diocotron mode. The late time spectrum is massively influenced by a two-stream instability
with participation by ions at about I GHz.

The result of these instabilities is a diffusion of the electrons toward the anode. Conse-
quently, the anode-cathode gap is filled with electron charge and more ions can be drawn from
the anode surface than is the case for a sharp electron sheath. Only by modeling the ion diodes
as an entire electromagnetic non-neutral plasma dominated device considering the full set of
Maxwell-Lorentz equations, all essential physical effects including the instabilities mentioned
above may be obtained properly in a numerical simulation.

On the way to a 3D nonstationary full electromagnetic particle-in-cell program system,
the 2.5D finite volume PIC program KADI2D [6] has been developed in order to get
experience with time-dependent simulations for realistic configurations. However it is
important to keep in mind, that only a fully 3D code can reproduce the instabilities leading to
the enormous ion current enhancement. This paper deals with the description of the first
nonstationary simulation results on the applied-B ion diode obtained with KADI2D. Typical
time-dependent features of the diode are presented.

II. NUMERICAL SIMULATIONS

A. The numerical model
A numerical model of the externally applied-B ion diode together with a boundary-fitted

grid [2] is shown in Fig. 2. Due to the use of boundary-fitted coordinates the curved parts of
the emitting anode surface are treated accurately. No interpolation from the physical domain
onto the computational area is necessary and a stair step approximation of the curved parts is
avoided.

R(cm) metallic

e.m. energy cathode

gap distance choel
lO • cathode lip

magnetic coil5r (ouler) L..

0.00

= • drillspace
S•--'-•(500 Pa Ar)

1 magnaeti coil iobem,

- 0.00 0.02 0.04 0.08 0.08 0.10

I I I I I 10 Z [M ]
o 1 5 lo Z(c)

Fig. 1: Schematic of the applied-B diode Fig. 2. Computational grid

For the numerical simulation an anode-cathode gap of 8.75 mm width is assumed and an
applied voltage that rises within 1 nsec to 1.5 MV and stays constant. The strength of the
applied magnetic field varies between 1.7 and 2 T and is mainly parallel to the anode surface.
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B. Incoming electric pulse
The first sequence (Figs. 3) shows the incoming of the electric pulse within 1 nsec. After

1 nsec a constant potential difference of about 1.5 MV has been established. Spatial
reflections of the incoming wave can only be seen in the electromagnetic fields.

zm mnm tzmmt .

0.40 0.10 I ec1 n

0.00 0_ .00 0. OW
0.00 0.02 0.04 0.00 0.00 0.10 0.00 0.02 0.04 0.00 0.0 0.10 0.40 0.00 0.04 0.es 0.lm 0. '0

z IN Z z[M] z [M]

Figs. 3: Incoming electric wave at times 0.2 nsec, 0.4 nsec and 1 nsec.

It is remarkable, that the electric field oscillates at a frequency of approximately 0.5 GHz.
In order to show this effect, in Fig. 4a the electric field El is plotted versus time at different
locations inside the anode-cathode gap. All the curves have these oscillations in common.
This observation is independent of the pulse length and on the shape of the incoming pulse
nor does the frequency depend on the grid resolution or on the time-stepping. Hence, these
preliminary simulations indicate an eigenfrequency of the device at 0.5 GHz.

3lDE8 -
5-DEB --

40E8 /
3DEB E
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• D E B .. . ............. ................................................................ .........................

.................................. . . ... ..... .......

0 2 3 4 5 a 7 a 9 '0 0 2 3 4

t [ns], t [ns]1
Fig. 4a: Electric field El versus time without filter Fig. 4b: Electric field El versus time with filter

For the first time-dependent simulations of the electromagnetic device with particles it
was convenient to suppress this eigenfrequency by introducing a digital filter. The qualitative
behavior of the electromagnetic device remains but the time history of the field is now a
smooth curve without oscillations as can be seen in Fig. 4b.

C. Monopolar electron flow
hi a subsequent simulation electrons are introduced by allowing them to be emitted

around the field emission edge. Bipolar stationary simulations clearly indicated that most of
the electrons are generated near the cathode tip even when the electron emission is turned on
all over the cathode area. Hence, in order to save CPU-time the electron emission was
restricted to the cathode tip.

-559-



The electrons perform a complicated motion inside the anode-cathode gap. They are
influenced by magnetic fields induced by the movement of the particles themselves and by the
external magnetic field in the (zr)-plane. The electrons drift in the anode-cathode gap
perpendicular to the electric and magnetic fields. The following frames (Figs. 5) indicate the
time-dependence of the electron cloud formation inside the gap. Shown is only the diode area
around the cathode tip.

t=O.4ns t=D.Bns t=1.Ons
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0.1 I 0.11 OIl

0.10 0.10 0.10

cm am

�ooc �om
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004 004 004

cm om am

am. cm cm
am 0.04 002 OA am 0.m 0� 0.10 am 0.04 02.5 0� 0.07 om am 0.10 0.m 000 005 cm 0.07 0.� 0� 0.10

zrml zihil zihil

Figs. 5: Electron distribution inside the gap at different times.

D. Bipolar electron and proton flow
Finally ions were generated at the front side of the anode at those parts outlined by dashed

lines in Fig. 1. The ions are accelerated in the AK gap and follow mainly the electric field
lines. Due to their massiveness they are bearly influenced by the magnetic fields. One major
point of interest of the nonstationary simulations with KADI2D is the resulting ion current.

As expected, the ion current computed by the nonstationary simulations is slightly higher
than those from the stationary computations with BFCPIC, although it is still smaller than the
experimental value. As already mentioned, only fully 3D simulations can reproduce the
instabilities leading to the enormous ion current enhancement and thus to a correct value of
the ion current. Hence, the next step for our simulation endeavor will be to incorporate an
artificial E8 field that has to be introduced by heuristic models, e.g. like those studied in [7].
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Abstract

The nonlinear dynamics of magnetic field penetration into an inhomogeneous
density plasma as a KMC wave is accompanied by a significant Joule heat release in
the current layer and the generation of runaway electrons. In the frame of electron
magnetohydrodynamic (EMHD) theory a particle in cell (PIC) modeling is carried
out to study the process of self-consistent electron acceleration in the wave electro-
magnetic field. It is shown that the electron acceleration becomes possible due to a
nonzero circulation of the Hall electric field component along the "cyclotron circles"
of the electron trajectory.

Up-to the present time, the appearance of runaway electrons was considered as the
consequence of their acceleration in some given external electric field. This model was
proposed by Dreiser in [2] and was applied to Tokamak experiments. The dynamics of
powerful pulsed discharges, such as Z-pinchs or plasma opening switches (POS), are also
characterized by runaway electrons appearance. But the essential feature of the pulsed
discharges is a self-consistent electron motion both in electric and in magnetic fields. The
general direction of the electron motion in crossed fields is [E x H], which is perpendicular
to the electric field. By this reason, in a potential field, an electron does not acquire energy.

Let us consider the real electron trajectory in crossed fields (Fig.l). The characteristic
electron trajectory consists of a set of "cyclotron circles" linked by relatively "straight"
intermediate lines. During the motion along the"cyclotron circle", the electron accelera-
tion is possible only if the electromagnetic field is nonpotential, rotE 0 0. This situation
realizes in the front of magnetic field penetration into an inhomogeneous plasma as a
KMC wave [1]. In the wave front, the electron receives a main acceleration due to nonpo-
tentiality of the Hall electric field component, and, during the "straight" lines, it receives
some additional acceleration [3] due to the Ohm electric field component.

In the present paper, the phenomena of magnetic field penetration into inhomogeneous
plasma density due to the Hall effect is discussed. This well-known phenomena was
predicted in the work [1] and numerically shown in [4]-[6]. The fact itself of magnetic field
penetration into the plasma, H = H(t), demonstrates the nonpotential nature of the wave
electromagnetic field. The essential reason for such nonpotentiality is the dependence of
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the Hall electric field component on the electron density. Let us suppose that an electron
moves through a plasma region with increasing density (Fig.1). The upper and the lower
part of each "cyclotron circle" lies in layers of different plasma density, and from this
reason with different values of the Hall electric field components, EHa!! = [j x H]/neec.
The f EHal, dl $ 0 (see formula 5), and the work produced by the Hall field at each
"circle" is positive. Therefore, the electron acquires energy.

To demonstrate numerically the effect of an electron acceleration in the front of KMC
wave, we run the EMHD code [3]. To do that, one can include the motion of some probe
electron into the code. The EMHD part gives the electromagnetic field, which acts on the
probe electron.

Basic equations.
The EMHD+PIC, present theory, considers the following equations:

1. equation for electric field:
E_[jxH] J + -" (1)

n~ec U

2. equation for magnetic field:

aH
-t -Vx[uxH] -Vx(_cVxH); (2)47r a

3. Maxwell equation for current density:

C
J 7: x H; (3)

47r

4. equation for particle momentum change:

dpe, e
dt - eE- [p x H]. (4)

here u = -j/ene. e, me are the electron charge and mass at rest. a is the plasma
conductivity, p = y/mev is the momentum and -y = 1I - (v/c) 2.

Results of modeling.
The system (1)-(4) is modeled to study the influence of the KMC wave on the runaway

electrons generation. The Fig.2a-2c present the results of modeling in the (x,y) plane
geometry: p = (px,py), H = H.(x,y), n. = ne(y). On the left and on the right parts
of each figure, distributions of the electron density and of the magnetic field are shown.
Darker color corresponds to higher value. Plasma density is 1013 cm- 3 at the top and is
2 1013 cm-3 at the bottom. The inhomogeneity is shown as an intermediate layer of width
A ; 1 mm. The magnetic field value is H = 10' [ers], the Hall parameter (WT)i, = 20.
The characteristic time of KMC wave evolution is T = 4wreA/cH2- ( ' ) - 2 1012 sec. To
analyse an electron acceleration in the front of KMC wave the energy interval is divided
from 500 eV to 110 keV to a groups with energy-step 500 eV. Motion of an electron from
each energy-group is modeled.

In the Fig.2a-2c, the trajectories of some probe electrons at time 2.8 10'- sec,
1.5 10-12 sec and 1.9 10-12 sec are given. The initial energy of the "1" electron is 500 eV,
of the "2" is 30 keV, of the "3" and "4" ones are 60 keV and 90 keV.

The fig.2a corresponds to the first troment of the magnetic field penetration into the
plasma. The first moment is more favorable for acceleration and for runaway of electrons.
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The beam of accelerated electrons is directed to the anode under a small angle. We
can suppose, that it is at the initial moment of the magnetic field penetration into the
inhomogeneous plasma that the runaway electron beam is generated. The average electron
energy increase for a length A is equal to

8(A) - -e JEHall, dl H 8. (5)

In Fig.3, the maximal kinetic electron energies for each energy-group versus the time of
KMC wave evolution are given. One can see, that for fig.2a and for the parameters given
above 8(A) - 110 keV.

Later moments of the KMC wave dynamics are shown in Fig.2b-2c. The magnetic
field penetrates deeper into the plasma. The electrons "3" and "4" runaway from the
front of the wave. In fig.3, one can see that the energies of these electrons do not change.
The results of modeling show the exponential decrease of accelerated electrons quantity
with time. Finally, we may propose the following scale dependence of maximal electron
kinetic energy, Emax, versus time, t, and versus initial energy, Eo:

_ 8(A) * exp(-t/T), for E0 < (A) * exp(-t/T);
Emax E 0 , for E0 > 8(A) * exp(-t/T); (6)

One of the important results of modeling is that the electrons of small energy, less than
500 eV, accelerate during all the calculated time up-to the energy 10 * 30 keV. If some
heavy elements are present in the plasma, for example impurities, highly ionized ions (such
as He-like ions) excited by medium energy accelerated electrons would radiate a polarized
line spectra, which could be used as a diagnostic tool of the electron acceleration. When
full accelerated electron reaches the anode, it produces hard X-rays emission.

In the present paper, we called runaway electron, high energy electron escaping from
the magnetic field. Since the electron moves both in the magnetic field and in the electric
fields of the wave, the condition for it to be runaway is the following : In the magnetic
field the cyclotron radius, PBe, of electron trajectory has to be greater, than the width of
a current layer, b. In the Hall electric field the kinetic electron energy, mev 2 /2, has to be
greater, than the "work of escape" from the magnetic field, H 2/87rn,.

This work was partially supported by the Russian Foundation for Basic Research, grant
96-02-16258, and grant 96-15-96815 under the program "Leading Scientific Schools".
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